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Abstract
Prototypes play an important role in the engineering design process. Engineer-
ing design textbooks often discourage the use of prototypes early in the design process,
citing past research on prototypes in engineering design has focused describing and
classifying the prototypes themselves. The gap in this research is the investigation of
prototyping processes. While researchers have studied the characteristics of different
prototypes and in some cases have tried to tie characteristics to the outcomes of the
design process, the actual prototyping activities and the process of building and using
the prototypes has not been studied in detail. The work presented in this thesis is
an initial attempt to explore the the prototyping process in engineering design. Two
research studies are presented that have been conducted to explore the roles proto-
types fulfill in the early stages of the engineering design process and to study how
designers interact with physical objects and prototyping materials.
A case study was conducted to investigate the roles that prototypes fulfill in
two different industrial settings. To complement this, a protocol study was developed
to see how individual designers interact with physical media during a conceptual de-
sign activity. The results from these studies were analyzed and it was found that
along with the commonly described prototype roles: learning, integration, commu-
nication, and demonstration, prototypes can also be classified in terms of divergent
or convergent activities; helping designers to either explore a design space or narrow
ii
down options and make decisions. Divergent and convergent prototyping activities
are presented along with a discussion on how prototypes can be used effectively in
conceptual design.
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Chapter 1
Motivation
Use of prototyping early in the design stage is often not recommended due
to concerns of cost, time management, and solution fixation [1, 2, 3, 4]. Authors of
engineering design texts comment that prototype building can be expensive and time
consuming and therefore should be used only when needed [5, 6, 7]. Others claim
that putting too much effort into a particular solution too early in the design process
can lead to fixation - a resistance to considering alternative, potentially higher quality
solutions. However, there is still some debate about this claim [3, 2, 8].
Additionally, work has been done to describe prototypes as activities grounded
in either design thinking or engineering thinking [9]. This parallels one description
of the engineering design process as consecutive stages of divergent and convergent
activities [10, 6]. The design thinking, or divergent activities, are concerned with
problem understanding, functionality, and exploring a design space. Engineering
thinking, or convergent activities, are more focused on concept selection and solution
refinement. The classification of design activities versus engineering activities is not
well defined, but the authors do provide evidence of how prototypes can be useful in
conceptual design [9].
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The following sections elaborate on these issues associated with the potential
benefits and drawbacks to prototyping and the use of prototyping throughout the
design process. The roles of prototypes as defined by different sources in literature are
discussed along with the discussion of prototype use throughout the design process.
1.1 Definitions of Prototypes
In engineering design literature, the term “prototype” is used with different
definitions. Often, a prototype is defined by a specific role. One definition is that pro-
totypes are models used to show the form and feel of a product [11] while others claim
that prototypes are full-scale pre-production models used for testing functionality and
manufacturing processes [12]. Many sources use a broad definition of prototype that
includes any model or representation of a product or component [11, 12, 13, 14, 15].
Prototypes can take many forms as implied by the definition that a prototype
is “an approximation along one or more dimensions of a product” [16]. This means
that a prototype can be made to look like the final product, but may not be functional.
Conversely, a prototype can be made to be fully functional to prove a concept, but
may not look and feel like the final product. Some definitions extend the definition
of prototypes to different media. They could be physical, graphical, such as a sketch
or drawing, or analytical models or simulations [13, 14, 17].
However, the focus of this research is the interactions between designers and
physical prototypes. For the purposes of this thesis, a prototype will refer to any
physical model used to represent one or more aspects of a design. In addition, the
prototyping process, encompasses all activities related to the conceptualization, design,
fabrication, and use of the prototype. A prototype may be a custom fabricated
assembly to closely mimic the final design, while a common household object used to
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represent something else in a discussion could also be considered a prototype. In this
way, the focus of this research is not just physical traits, but how the physical nature
of the artifacts translate into roles during design.
1.2 Prototype Roles
The role or purpose of a prototype can vary depending on the needs of the
project and the current state of the design. A review of literature presents a large
number of different roles fulfilled by prototypes throughout the design process.
A common classification of prototype roles, presented by Ulrich and Eppinger
[16], has four categories that are broad, but cover almost all the different types of
prototypes . These prototype roles are:
Learning Learning is one of the most common uses for prototypes. This role in-
cludes testing the function of a prototypes and identifying potential problems.
Communication Prototypes can be used to communicate aspects (form or func-
tion) of a design to other team members, superiors, clients, or potential cus-
tomers.
Integration Integration prototypes test how different components fit together and
interact with each other to form a complete product.
Demonstration Prototypes are often used to show progress on a design project,
often to superiors or clients, and may be used to impose deadlines that must be
reached throughout the process.
Using similar terminology, Houde and Hill define prototypes as integration,
role (functional), or look-and feel-prototypes, indicating a respective purpose of each
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type of prototype. However the classifications by Ulrich and Eppinger and Houde
and Hill are still somewhat general. For example, a look-and-feel prototype could
also be used for testing part clearances, making it an integration prototype as well
[18]. These roles as well as the four roles described by Ulrich and Eppinger are most
often associated with activities that occur in the middle or the end of the design
process, when solutions are being tested, refined, and validated [16, 6].
Prototypes and physical objects may also be used in ways that dont necessarily
fall into one of the above categories. Researchers have identified nine roles of phys-
ical hardware in design through verbal protocol studies and observations of student
designers. These roles were identified while students developed conceptual designs
for a new type of kitchen scale. The roles, listed below, describe how students used
items found in their environment as spur-of-the-moment prototypes to aid discussion,
communication, thinking, and visualization [19, 20].
Starting Point - a starting point for conversations, ideas, and questions.
Chameleon - different objects in different environments can take on new meanings
and roles.
Thinking Prop - nearby objects can encourage new ideas.
Episodic Memory Trigger - encourage recall of memory related to the object.
Embodiment of Abstract Concepts - links to other systems and fundamental
concepts.
Adversary - illuminates errors and misconceptions in thinking.
Prompt - incites discussions, questions, and ideas.
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Medium for Integration - testing integration of physical objects and building men-
tal models.
Communication Medium - demonstrations, persuasion.
Similarly, Kelley and Littman discuss the extensive use of prototypes and
physical objects as inspiration for new ideas and concepts [21]. They describe the
working principles of the of the design firm IDEO where prototyping and interacting
with physical objects are major parts of the idea generation process. The company
also maintains a collection of interesting materials, mechanisms, and objects to use
for inspiration on new projects.
The work by Lande and Leifer [9] echoes some of the same prototyping roles as
other researchers. Their work identified three themes in how students use prototypes:
• Prototyping helped students to clarify ideas and concepts and to visualize their
concepts.
• Prototyping helped students learn and therefore refine their designs, especially
in regards to understanding physical principles.
• Prototyping helped guide and motivate the students; iterating and improving
the prototypes served as project milestones.
While the traditional prototyping roles described by Ulrich and Eppinger [16]
and Houde and Hill [18] may describe a large majority of prototypes used in engineer-
ing design practice, they are broad and also do not adequately cover the divergent
design activities associated with the earlier stages of the design process. The more
recent research by Brereton and McGarry, [19, 20] and Lande and Leifer [9] show that
there are other uses for prototypes and interactions with physical media. While their
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research focused on novice designers and the learning associated with the prototyping
process, they show that there is the opportunity to use prototyping to help encourage
new ideas, explore a design space, and to learn about unexpected phenomena. This
thesis aims to explore these ideas regarding prototype use and roles. Systematic re-
search methods are used to further investigate and verify the existence of these new
prototype roles.
1.3 Prototype Use Throughout the Design Process
Most structured design processes are described as a sequence of stages in which
a problem is defined, solution concepts are generated, the solutions are refined and the
pool of concepts is whittled down to just the most promising concepts, and then final
concepts are selected and fully detailed [6, 11, 12, 22]. It is often recommended that
designers iterate on different steps of this process as needed. The process described
by Pahl and Beitz [6] follows this trend. The main phases of their process are:
Planning and Task Clarification The problem and solution requirements are de-
fined.
Conceptual Design High level concepts are generated.
Embodiment Design Overall structure of concepts are generated and details are
refined.
Detail Design Final concepts are fully detailed.
While these stages are presented in a linear fashion, most authors and re-
searchers agree that in practice, there is often significant iteration of stages. Addi-
6
Figure 1.1: Schematic of divergent and convergent stages of engineering design.
tionally, designers must often skip forward or backwards as the state of the project
changes.
Another interpretation of the design process is that of consecutive divergent
and convergent stages [10, 6, 1, 23]. The divergent stages include activities aimed
at developing concept alternatives and exploring or expanding a design space. The
convergent stages are aimed at defining parameters, decision making, and narrowing
down the number of alternative solutions until a final solution is chosen. In an iterative
design process, there can be multiple divergent-convergent stages in series before a
final solution is chosen [24, 25, 26, 27].
The distinction between divergent and convergent phases of development are
similar to what some authors describe as design thinking and engineering thinking
[10, 28] or the progression from a total design focus to a detail focus throughout
the design process [29]. In this interpretation of the design process, design thinking
is characterized as understanding the problem, bringing in inspiration from other
domains, and synthesizing new solutions to the problem. In addition, authors note
that designers should embrace ambiguity. In contrast to design thinking, engineering
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thinking is concerned with refining solutions and their details.
A number of engineering design textbooks were reviewed for their content
regarding prototyping throughout the design process. As these textbooks are used
to educate engineering students, it is assumed that these texts present accepted best
practices for novice engineers. Authors of engineering design texts describe a variety
of activities in which designers should partake during the design process. However,
the prototyping is often minimally discussed if at all. Table 1.1 presents a brief
overview of how many design texts address prototyping in engineering design. Out
of the fourteen design texts reviewed:
• Four defined prototypes [30, 22, 31, 7],
• six discussed the roles or uses of prototypes [30, 11, 22, 6, 31, 32],
• five provided any guidelines for using prototypes effectively [32, 31, 7, 22, 30],
• four provided a recommended process for creating or using prototypes [30, 22,
31, 7], and
• seven did not discuss prototyping [33, 34, 35, 36, 37, 38, 39].
Two different texts, written by Ulrich and Eppinger and by Dym and Little
[7, 22], state that prototypes can or should be used throughout the entire process
while two others specifically mention that prototypes should be used in embodiment
or detail design towards the end of the design process.
A survey conducted by polling German engineers also highlights the bias of
engineers prototyping more often in the later stages of the design process [40]. The
survey questioned the engineers about the different types of engineering representa-
tions they used throughout the design process and found that prototypes were not
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Table 1.1: Summary of engineering design text discussions of prototyping.
Title Definition Roles Guidelines Process Design Stage
Introduction to Creative
Design [33]
No No No No
The Principles of Design
[34]
No No No No
Product Design: Tech-
niques in Reverse Engi-
neering and New Product
Development [30]
Yes Yes Yes Yes
Introduction to Engineer-
ing Design [35]
No No No No
Planning and Creating
Successful Engineering
Designs [36]
No No No No
Fundamentals of Engi-
neering Design [11]
No Yes No No Detailed Design
Creative Design of Prod-
ucts and Systems [37]
No No No No
Product Design and Man-
ufacture [38]
No No No No
Engineering Design Meth-
ods: Strategies for Product
Design [39]
No No No No
Product Design and De-
velopment [22]
Yes Yes Yes Yes
Engineering Design: A
Systematic Approach [6]
No Yes No No Throughout en-
tire process
Engineering Design: A
Project Based Introduc-
tion [7]
Yes Yes Yes Yes
Engineering Design [31] Yes No Yes Yes Throughout en-
tire process
Managing Engineering
Design [32]
No Yes Yes No Embodiment
Design
9
often used in conceptual design or task clarification, but were used more often in
embodiment and detailed design to test designs.
Most prototypes are designed and constructed late in the design process af-
ter all candidate solutions are narrowed down to one or a few number of solutions
[11, 12, 2, 6, 40]. This is a logical process as the most common roles as presented
by engineering design texts are centered around gathering information (through com-
munication testing, or experimentation) to make informed decisions and ultimately
reach a single design solution [16, 18]. These activities also coincide with the aims
of a convergent stage in the design process [24, 25, 27, 10]. In contrast, the learning
roles of prototypes and hardware could be applied to the earlier divergent stages of
design. In these roles, prototypes can help designers identify analogous systems or
new concepts [24, 9].
1.4 Prototyping In Conceptual Design
While prototypes can be useful throughout the engineering design process,
there are some potential pitfalls and drawbacks to prototyping use throughout the
design process [6, 31]. The most common drawbacks are time constraints, cost con-
straints, and design fixation [1, 2, 3, 4, 7, 6, 5]. To use prototypes effectively at any
stage in the process, these issues must be mitigated successfully.
There is debate in the literature as to the effects of prototype use on design
fixation [2, 41, 8]. However, recent work by Viswanathan and Linsey [3] has shown
that fixation can be tied to the sunk-cost associated with building the particular
prototype. Participants in an experiment that spent more time and effort prototyping
were more likely to fixate than participants that used easier prototyping methods.
There has also been a significant amount of research in the user experience and
10
software design fields on the use of low-fidelity prototyping compared to high-fidelity
prototyping [18, 42, 43, 44, 45]. Researchers have found that low-fidelity prototypes
that are rough, fast, and inexpensive can be as useful as detailed, fully functional,
high-fidelity prototypes [43, 27]. While this research is generally not in the mechanical
design field, some of the same principles, making inexpensive prototypes to explore,
learn, and iterate quickly can be applied to mechanical systems.
In addition to work showing that prototyping and working with physical media
on design projects helps students learn and understand concepts [19, 9], researchers
and designers have found success with quick inexpensive prototyping throughout the
design process [13, 21].
1.5 Prototype Taxonomies
In addition to classifying prototypes based on their roles or purposes, research
has been conducted to develop taxonomies that can be used to accurately describe
each unique prototype[46, 4, 9]. The goal in developing these taxonomies was to
use them to identify trends and discover which prototype or process characteristics
influence the effectiveness or success of the prototype.
One taxonomy for classifying physical prototypes has been developed by Michael-
raj [46]. This taxonomy classifies a prototype based on data grouped into two cate-
gories:
Factors are the considerations taken into account when fabricating a prototype (pur-
pose, budget, design stage).
Characteristics describe the prototype state due to the factors affecting its fabri-
cation (size, material, fabrication processes).
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In this taxonomy, the characteristics describe the decisions designers made
when fabricating the prototype due to factors influencing the project. The full clas-
sification scheme can be found in [46].
Another taxonomy, the Hierarchical Morphological Prototype taxonomy was
developed by Stowe. This taxonomy is less specific than that of Michaelraj, so it does
not as completely describe every prototype. However, it requires less information
to fully define a prototype in this taxonomy. It categorizes prototypes along three
dimensions:
Variety - Physical, Non-Physical
Complexity - Component, Sub-System, System
Fidelity - Form, Basic, Detailed, Realistic
As a result of requiring less information, the HMP taxonomy can be more
subjective, especially when classifying the fidelity of the prototype. However, the
taxonomy is general enough to apply to all prototypes while still providing a con-
sistent vocabulary to discuss and describe prototypes. This taxonomy will be used
throughout this thesis to describe different prototypes in a consistent manner. This
consistency is needed to help conduct research in a systematic manner.
1.6 Goals of This Research
The prototyping process can be represented as in Figure 1.2. In the beginning,
there are design needs to be addressed as well as constraints such as time or a budget.
These inputs are taken and a prototype is built. This prototype also has certain
characteristics. After the prototype is built, it is used for one or more purposes
12
Figure 1.2: Schematic of the overall prototyping process.
that could be described as the roles of the prototype. Ideally, these roles adequately
address the design needs and other inputs to this prototyping process.
Previous research has focused on the inputs to the prototyping process, the
design needs and project constraints [46]. Other research has addressed ways of
classifying and describing prototype characteristics [46, 4, 47]. There has also been
work done to relate the prototype characteristics to the outcome of the design process
[48, 4, 25]. While many sources discuss the roles of prototypes, there are gaps in the
research. There is a lack of investigation of the actual building of prototypes as well
as a lack of study of the overall prototyping process.
This thesis presents two studies: a case study of how prototyping is used in
the product development process of two different companies and a protocol study
of designers’ interactions with physical objects during conceptual design. These two
studies are presented together to provide views of prototyping at two different scales.
The case study studies the entire prototyping process, from prototyping inputs to
the roles of prototypes. For the protocol study, a novel coding scheme was developed
to study the prototype creation process. The coding scheme was designed to allow
researchers to study individuals’ interactions with physical objects and was used to
study prototype creation during a conceptual design activity.
The purpose of this research is to begin exploring prototyping in conceptual
design as well as to study the prototype creation process. The following exploratory
research questions have been developed to address these topics:
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1. How are prototypes used during conceptual design in industry?
Design texts often warn against prototyping early in the design process, but
other literature has given evidence in favor of prototyping during the task clarification
and conceptual design stages of the design process. Most of the research studies
conducted on prototyping during conceptual design, however, have used students as
participants. A goal of this research is to investigate how prototyping is actually used
in industry as well.
This question will be addressed using the case study investigation of two dif-
ferent companies. While two cases will not provide enough evidence to describe every
possible use, or necessarily the best possible uses of prototypes in conceptual design.
However, the cases are used to compare the use of prototypes in the conceptual design
within two different industries.
2. Can different prototyping activities be classified as either divergent or convergent
activities?
Related to the first question, this question suggests a new classification of pro-
totyping activities. By considering the overall design process as sequential divergent
and convergent phases, different approaches to prototyping could be chosen based on
the designers’ position within the design process. Instead of constructing a prototype
for a specific role, or to address specific design needs, pursuing a divergent or conver-
gent activity may help designers fulfill more roles and gain more value from prototype
use.
This research question will be addressed using the results of the case study
and the protocol study. Results and observations from these two studies will be used
to support the description of prototyping activities as either divergent or convergent
in nature.
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3. How can the interactions between designers and physical objects be studied?
Previous research has focused on the characteristics of prototypes. By address-
ing this question, this thesis attempts to begin looking at the processes of creating
and using prototypes.
A review of previous research using protocol studies highlights the effectiveness
as well as the limitations involved with the various protocols that have been used.
A novel protocol study and coding scheme is developed to fill a gap in the methods
used by other researchers. This protocol is then used to study designers’ interactions
with physical objects during a conceptual design activity.
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Chapter 2
Industry Case Study
This chapter presents a case study that investigates the prototypes used within
two different companies and how prototyping activities fit into their design pro-
cesses. Three semi-structured interviews were conducted with engineering profes-
sionals within two companies, Electrolux and Michelin, to discuss the use of dif-
ferent prototypes throughout the product development process. Three interviews
were conducted with engineers at Electrolux Home Appliances, located in Anderson,
South Carolina and three interviews were conducted at Michelin North America in
Greenville, South Carolina.
At the request of Michelin, the entire transcripts of interviews with Michelin
employees have not been dislcosed. However, as the focus of these interviews are the
prototyping activities and the roles fulfilled by prototypes, this chapter attempts to
describe how prototypes are used by discussing the qualities of the prototypes and
how they were used in general terms to prototect the intellectual propety of the two
companies.
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2.0.1 Data and Collection Methods
All interviews for this case study were conducted at the respective companies.
The interviews were held either in the interviewee’s office or in a nearby conference
room. The average length of time for the interviews was approximately one hour.
Chronologically, the interviews at Electrolux were conducted first, followed by the
three interviews at Michelin. Due to the semi-structured nature of the interviews,
the discussion often deviated from the planned questions. Also, some new questions
were often asked as a result of discussions in previous interviews.
The focus of the interviews was on understanding the design process followed
at the two companies and how prototypes fit into that design process. Specifically,
questions focused on characteristics of the prototypes and the products being devel-
oped as well the intended roles of the prototypes. Additionally, these interviews aim
to evaluate the value of prototypes in the overall design process and in conceptual
design specifically.
The following is a base list of interview questions along with expected follow-up
and clarification questions.
1. Can you talk a little about your role within the company and within the product
development process?
2. Can you describe one of your most successful recent physical prototyping projects?
(a) Describe the product, the phase of development, what about the prod-
uct was being prototyped? Was there any iteration of the design and/or
prototype?
(b) How was the prototype made? Can you describe the process, materials,
cost, who was involved?
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(c) How would you describe the purpose of this prototype? Common classifi-
cation: milestone, integration, learning, communication.
3. Can you describe one of your least successful recent physical prototyping projects?
(a) Describe the product, the phase of development, what about the prod-
uct was being prototyped? Was there any iteration of the design and/or
prototype?
(b) How was the prototype made? Can you describe the process, materials,
cost, who was involved?
(c) How would you describe the purpose of this prototype? Common classifi-
cation: milestone, integration, learning, communication.
4. What differences between the two projects most affected the outcome?
(a) Were there differences in the prototyping method (tools, materials, etc.)?
(b) Were there organization or team differences that affected the outcome?
(c) Were there differences in the purpose, role, or type of prototype that af-
fected the outcome?
5. In your organization (company, department, or team), how are decisions made
concerning the prototype process?
(a) How do you decide what, how, and when to prototype?
(b) Is there a standard method or process for developing prototypes in the
organization?
(c) What design project aspects are considered and influence prototyping de-
cisions?
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6. For the examples provided in questions 1 and 2, how did the process or outcome
of the process differ from the expectations at the beginning of the process?
(a) Did your path forward in the project change as a result of prototyping?
Each interview was analyzed to classify the prototypes discussed using ac-
cepted taxonomies. The prototypes were first classified according to the Hierarchical
Morphological Prototyping (HMP) options taxonomy [4] that is discussed in Sec-
tion 1.5. As the only data available for this classification is collected through dis-
cussions in interviews, this taxonomy is used because it was found be comprehensive
while requiring less information than other taxonomies [46, 4]. The role of the proto-
types discussed were also classified according the categories described by Ulrich and
Eppinger: learning, communication, integration, and demonstration [16]. The third
set of information extracted from the interviews is the set of design needs fulfilled
by the prototypes. This set of design needs was developed by Stowe to describe the
most common needs of designers that are addressed by prototyping and compliments
the role classification [4]. Each prototype discussed in the interviews was classified
by each of these taxonomies. The classification of roles and design needs are similar,
but they approach the prototype descriptions from different perspectives.
2.1 Michelin Interview Analysis
At Michelin, interviews were conducted with a project manager along with two
cured tire designers. All three men work in a group responsible for taking tire concept
designs, refining them, and preparing a set of suitable alternatives for another group
to industrialize and take to market.
Additionally, these interviews complement interviews previously conducted
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at Michelin with different engineers. This begins to provide triangulating views of
activities within the company. A full cross-case analysis of these interviews is out of
the scope of this research.
2.1.1 Design Process
The new tire development process at Michelin consists of several phases. In
each consecutive phase, the concepts from the previous phase are refined, prototyped,
and tested. The main phases are:
Concept In the concept phase, the designers are attempting to use new technologies
or push the boundaries of the normal design practice to maximize different tire
performances such as traction, wear-life, or handling. Often, a design change
may improve a performance drastically, but also cause unreasonable drawbacks
in other performances. These early tires are not ready for market. This is
mainly a divergent stage focused on exploring many different possibilities and
generating a large amount of information as well as pushing specific performance
boundaries as far as possible.
Belise The belise phase is focused on taking information learned from the concept
phase and industrializing one or two tire dimensions. This also involves itera-
tive testing and tuning of the tire design to create the desired combination of
performances. The belise phase share some characteristics with both convergent
and divergent design phases. On one hand, the designers are trying to narrow
down the number of concepts to be developed in the next stage of the design
process. However, they are also often pursuing new design concepts to break
compromises that the concept design group wasn’t concerned with while trying
to maximize particular performances.
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Market The market group takes the industrialized tires from the Belise group and
industrializes the designs in all of the different needed tire dimensions.
The overall product development cycle at Michelin can take up to ten years
from concept to market. This long time-frame is due in part to the large cost as-
sociated with building a new tire mold and the time put into thoroughly evaluating
each mold and each tire that is to be built and tested. Also, due to the complex
interactions between tire components, it is difficult to prototype and test individual
components or sub-assemblies and achieve meaningful results that will translate into
a full tire. Additionally, there is a significant safety risk associated with passenger
car tires. It is extremely important that the tire are safe for consumers as well as the
drivers employed to test the tires. Therefore, the vast majority of prototypes that
are built are full-size, complete tires. Prototypes that were not full-scale included a
hand-made clay model used to visualize tread features and rubber samples used for
material testing and characterization.
2.1.2 Prototype Classification
Table 2.1 includes information regarding the prototypes discussed by Scott
Morgan. The prototypes discussed by Scott Morgan were physical prototypes of either
a complete tire or single tire components with the exception of one prototype that
was a representation of a sub-system. The primary role of the prototypes discussed
was learning and the prototypes were often used for developing analytical models or
evaluating properties. One prototype simulated part of the tire building process was
used to help provide proof-of-procedure and validate the process.
Table 2.2 includes information regarding the prototypes discussed by Joe
Brown. The prototypes discussed by Joe Brown were all physical and usually modeled
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Table 2.1: Coded Data from Interview with Scott Morgan from Michelin.
Prototype
HMP Taxonomy 1 2 3 4 5
Variety
Physical X X X X X
Non-Physical
Complexity
System X X
Sub-System X
Component X X
Fidelity
Realistic X
Detailed X X
Basic X
Form
Prototyping Roles
Learning
Performance X X X
Unknowns X X X
Communication
Functionality
Configuration
Visual or Tactile Properties X
Integration
Develop Assembly Process
Refine Function
Refine Processes X
Demonstration
Customer Demand
Milestones
Design Needs
Experimental
Develop Analytic Models X
Evaluate Properties X X
Design Validation
Proof of Concept
Proof of Product
Proof of Procedure X
Concept Selection
Aesthetic Evaluation X
Conceptual Design
Interrogation
Configure System X
Optimize Design
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a complete system. They were mostly used for evaluating properties of the design
and this information was used to develop analytical models in some cases. He also
discussed a couple of lower-fidelity prototypes that were used to model individual
tread-features. While these prototypes were simple, they were also able to provide
information about performance and were used as communication tools.
Table 2.3 includes information regarding the prototypes discussed by Jeff Warf-
ford. He discussed a prototype production system that was tested by building proto-
type tires. This enabled engineers to learn about both systems simultaneously. Jeff
Warfford also discussed how a virtual prototype had been used to help evaluate prop-
erties and performance of designs before making physical prototypes that could be
extremely costly.
Table 2.4 shows a summary of the number of prototypes placed in each category
of the taxonomies.
With the exception of one, all of the prototypes discussed at Michelin were
physical prototypes. However, it should be noted that due to the large monetary
and time investments associated with building prototype tires, Michelin does use
simulations and analytical modeling extensively before building physical prototypes.
One of the reasons for building the physical prototypes is to help build or to validate
an analytical model. These models and tools were mentioned in the interviews, but
not discussed in enough detail to be included in the tables.
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Table 2.2: Coded Data from Interview with Joe Brown from Michelin.
Prototype
HMP Taxonomy 1 2 3 4 5 6 7
Variety
Physical X X X X X X X
Non-Physical
Complexity
System X X X X X
Sub-System
Component X X
Fidelity
Realistic X X X
Detailed X X
Basic X
Form X
Prototyping Roles
Learning
Performance X X X X X X X
Unknowns X X
Communication
Functionality X
Configuration
Visual or Tactile Properties X X
Integration
Develop Assembly Process
Refine Function
Refine Processes
Demonstration
Customer Demand
Milestones X
Design Needs
Experimental
Develop Analytic Models X X X
Evaluate Properties X X X X
Design Validation
Proof of Concept X
Proof of Product
Proof of Procedure
Concept Selection
Aesthetic Evaluation
Conceptual Design X X
Interrogation
Configure System X
Optimize Design X X
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Table 2.3: Coded Data from Interview with Jeff Warfford from Michelin.
Prototype
HMP Taxonomy 1 2
Variety
Physical X
Non-Physical X
Complexity
System X
Sub-System
Component X
Fidelity
Realistic
Detailed X X
Basic
Form
Prototyping Roles
Learning
Performance X
Unknowns X X
Communication
Functionality
Configuration
Visual or Tactile Properties X
Integration
Develop Assembly Process X
Refine Function
Refine Processes X X
Demonstration
Customer Demand
Milestones
Design Needs
Experimental
Develop Analytic Models 
Evaluate Properties X
Design Validation
Proof of Concept X
Proof of Product
Proof of Procedure X
Concept Selection
Aesthetic Evaluation
Conceptual Design
Interrogation
Configure System
Optimize Design
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Table 2.4: Summary of prototypes discussed at Michelin.
Interviewee
JB JW SM Total
Number of Prototypes Discussed 7 2 5 14
HMP Taxonomy
Variety
Physical 7 1 5 13
Non-Physical 0 1 0 1
Complexity
System 5 1 2 8
Sub-System 0 0 1 1
Component 2 1 2 5
Fidelity
Realistic 3 0 1 4
Detailed 2 2 2 6
Basic 1 0 1 2
Form 1 0 0 1
Prototyping Roles
Learning
Performance 7 1 3 11
Unknowns 2 2 3 7
Communication
Functionality 1 0 0 1
Configuration 0 0 0 0
Visual or Tactile Properties 2 1 1 4
Integration
Develop Assembly Process 0 1 0 1
Refine Function 0 0 0 0
Refine Processes 0 2 1 3
Demonstration
Customer Demand 0 0 0 0
Milestones 1 0 0 1
Design Needs
Experimental
Develop Analytic Models 3 0 1 4
Evaluate Properties 4 1 2 7
Design Validation
Proof of Concept 1 1 0 2
Proof of Product 0 0 0 0
Proof of Procedure 0 1 1 2
Concept Selection
Aesthetic Evaluation 0 0 1 1
Conceptual Design 2 0 0 2
Interrogation
Configure System 1 0 1 2
Optimize Design 2 0 0 2
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2.1.3 Interview Discussion
The majority of physical prototypes produced during the design process at
Michelin are of a complete tire. This is due to the unique complexity of a tire.
A change to a single component of the tire can affect the entire tire and multiple
performance characteristics. Joe Brown discussed the problem With such complex
interactions. It is difficult for the engineers to reliably predict all of the effects of a
design change.
This complexity is why prototypes used to develop or improve analytical mod-
els is a recurring theme throughout the interviews. The engineers are continuously
correlating data back to the model results to make sure that the predictions being
made are as accurate as possible and to improve the tools for future work. Scott
Morgan describes this process.
Another theme that came out of the interviews is the amount of planning
behind building a set of prototypes. Due to the expensive nature of building prototype
tires, all available analytical tools are used to refine designs initially and the prototype
request must undergo an extensive review to evaluate costs and risks associated with
the designs. This systematic method is followed for every set of prototype tires that
is produced.
Michelin also produces multiple prototypes at a time to more effectively explore
a design space. While using a single mold, the internal tire components can be changed
with less expense to create new tires and explore different options. These activities
are aimed at trying as many different options as possible while keeping the cost of
the prototypes as low as possible.
A large part of exploring the given design space in tire design is trying to
what the Michelin engineers called breaking compromises. Due to the complexity
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of pneumatic tires, almost any design change that results in the improvement in
one aspect of tire performance is accompanied by a decrease in another aspect of
tire performance. For example, changes to improve traction are often detrimental
to rolling resistance. Breaking a compromise would allow for the improvement of
one performance while not hindering other performances that would otherwise suffer.
Again, this is due to the complexity and inter-connectedness of the tire components.
Being able to find a change that is the exception to the rule is critical for evolving
the capabilities of tires.
2.2 Electrolux Interview Analysis
At Electrolux, three people agreed to be interviewed. Two of the participants,
Aaron Arvia and Andrew Brown, worked in the product development department
which was managed by the third participant, Paul Kelly. Aaron Arvia’s role is that of
a technology scout, to find new technologies and concepts that could be used in novel
ways in future products. Andrew Brown is the manager of the group responsible for
the design of doors and cabinets for the refrigerators. This distribution of participants
provided an overview of the product development process and prototyping philosophy
at Electrolux while also providing details about specific projects and prototypes down
to a component level.
2.2.1 Design Process
In addition to questions concerning specific prototypes, each engineer at Elec-
trolux was asked to discuss the process that they followed when designing, building,
and using prototypes. The goal of these questions were to help gain an understanding
of the culture of the organization and how they approach the concept of prototyping.
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By asking the same questions about the prototyping process to each interviewee, their
results can be triangulated. Although the three interviewees were involved at differ-
ent phases of the design process (early conceptual development, product development,
and management), the overall product development time-line should be followed by
each party.
Andrew Brown described the stage-gate process that is followed for the product
development cycles at Electrolux. He described the CP-0 through CP-3 stages where
a prototype build concludes each stage. During each stage, they refine the designs
present at the last stage and move closer to using production tooling and methods.
The four stages described by Andrew Brown are described below:
CP-0 Build This build is used primarily as a learning experience for the engineers.
It is used to verify concept feasibility as well as fit and finish of designs. It is
then used to focus efforts for development leading up to the next build.
CP-1 Build The CP-1 build is for “proof-of-design” as described by Andrew Brown.
Parts from the previous build are redesigned and parts that require functional
testing and verification are usually tooled parts. Some aesthetic parts may still
be of a prototype nature.
CP-2 Build In the CP-2 build, more of the parts are made from production or pre-
production tooling to verify the manufacturability and ease of assembly of the
product.
CP-3 Build The CP-3 build is the final build before production. This build should
consist of only tooled parts to use as a final check before production.
As the time-line progresses and the development gets closer to the final design
of the product, the fidelity of the prototypes increase. Aaron Arvia described the need
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for prototypes to be of the highest possible fidelity at that point in time. This allows
for the largest amount of tests and learning from the prototypes. He mentions that the
first prototype my be just a mock-up made from paper to get a visual representation
of the design. However, producing more sophisticated prototypes later on allows more
aspects of the design to be tested and validated.
Paul Kelly also described his own philosophy regarding the use of prototyping.
For a given project, a list of risks is created and prioritized. The most important risks
need to be addressed first and then the next important risk is addressed. These risks
are addressed through prototyping and testing. Designs are tested and once they pass
a given test, the corresponding risk is removed and the list is re-evaluated.
2.2.2 Prototype Classification
Table 2.5 includes the information gathered from the interview with Aaron
Arvia. All of the prototypes described by Aaron Arvia were at a sub-system or
component level of complexity with a basic level of fidelity being most common. The
prototypes were also most often used for learning and integration roles and met needs
concerning property evaluation, proof of concept validation, and conceptual design.
Table 2.6 includes the information gathered from the interview with Andrew
Brown. The prototypes described by Andrew Brown were also mostly at the sub-
system and component levels of complexity, but were more likely to be at a detailed
or realistic levels of fidelity as compared to the prototypes described by Aaron Arvia.
The needs addressed by the prototypes were most often property evaluation and proof
of product validation.
Table 2.7 includes the information gathered from the interview with Paul Kelly.
The two prototypes described by Paul Kelly were of significantly different natures.
30
Table 2.5: Coded Data from Interview with Aaron Arvia from Electrolux.
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Table 2.6: Coded Data from Interview with Andrew Brown from Electrolux.
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One prototype was a realistic model of a component while the other was a basic model
of a sub-system. Despite the characteristic differences, the roles described by Paul
Kelly were the same, including learning, integration, and demonstration.
Table 2.7: Coded Data from Interview with Paul Kelly from Electrolux.
Table 2.8 shows a summary of the number of prototypes placed into each
category of the taxonomies.
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Table 2.8: Summary of prototypes discussed at Electrolux.
Interviewee
AA AB PK Total
Number of Prototypes Discussed 5 7 2 14
HMP Taxonomy
Variety
Physical 5 7 2 14
Non-Physical 0 0 0 0
Complexity
System 0 2 0 2
Sub-System 3 1 1 5
Component 2 4 1 7
Fidelity
Realistic 0 2 1 3
Detailed 1 2 0 3
Basic 3 1 1 5
Form 1 2 0 3
Prototyping Roles
Learning
Performance 4 5 2 11
Unknowns 5 2 2 9
Communication
Functionality 2 2 0 4
Configuration 0 0 0 0
Visual or Tactile Properties 1 4 0 5
Integration
Develop Assembly Process 2 1 0 3
Refine Function 2 0 0 2
Refine Processes 0 0 2 2
Demonstration
Customer Demand 2 2 0 4
Milestones 3 0 2 5
Design Needs
Experimental
Develop Analytic Models 0 2 0 2
Evaluate Properties 5 6 2 13
Design Validation
Proof of Concept 3 0 1 4
Proof of Product 1 3 1 5
Proof of Procedure 0 0 1 1
Concept Selection
Aesthetic Evaluation 0 2 0 2
Conceptual Design 4 0 1 5
Interrogation
Configure System 2 0 0 2
Optimize Design 0 1 1 2
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2.2.3 Interview Discussion
The interviews at Electrolux highlight a number of different types of prototypes
that are used in conceptual design. From quick mock-ups using wood or cardboard to
functional rapid prototyped parts, the engineers at Electrolux discussed the benefits
or prototyping quickly and efficiently to learn and improve the design. Additionally,
the practice of producing multiple concepts simulataneously and comparing them was
mentioned several times. Aaron Arvia described the following of “parallel paths” by
building a large number of prototypes early on in the design process. This allows the
designers to compare multiple soutions and evaluate them quickly.
When describing the effectiveness of prototyping early and often in the design
process, Paul Kelly discussed how the process of building a prototype. Regarding one
project, he mentioned: “. . . we’ve put the first one together and the first thing you
want to do is make changes. Before it’s even built, you can see where you need to
make improvements.” The benefit of this, is that it helps to illuminate issues as early
as possible in the design process. He continues, “Engineers. . . want to draw it out.
They’re working with a CAD designers, and they’re massaging it, working through
it, and they put their first prototype together and it doesn’t work.”
One interesting discussion covered a prototype that was used to mimic a prob-
lem. Aaron Arvia described an unexpected issue that was occurring with water
dispensers. The first step in finding a solution was to find the root cause of the
problem. This was done by building a test system to mimic not only the water dis-
penser system, but also the installation process of the system and the environmental
changes that would be seen. Using this prototype of the problem, Aaron was able to
determine the cause of the issue and work could begin on the solution. This could be
classified as a divergent prototyping activity as it is aimed with defining the problem
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and opening up the design space for that problem.
2.3 Case Study Findings
Six interviews were conducted to study the value of prototyping in industry and
relate the value of prototypes to characteristics of the prototypes and the prototyping
process used by the organization. Initial observations show that an engineer working
on concepts further away from market launch of a product was more likely to build
lower fidelity prototypes that are used for experimentation and learning. Conversely,
an engineer working closer to the product launch is more likely to build higher fidelity
prototypes and also use those prototypes for communication as well as learning. The
interviews also showed that prototyping is an integral part of the product development
cycle at Electrolux, with the prototype characteristics evolving and their level of
fidelity increasing.
Additionally, the following guidelines regarding prototyping during conceptual
design can be supported by the interviews at Electrolux and Michelin.
• Plan for the purpose of the prototype.
• Prepare a path forward that is dependent on the possible prototype testing
outcomes.
• Start out as fast and inexpensive as possible.
• Build as accurately as possible or is needed to answer what you need to know.
• Build prototypes that can perform double duty.
• Share resources between prototypes to build multiple designs and evaluate more
of the given design space.
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• Following a systematic method for building prototypes can help manage costs
and risks.
• Prototype early and often, then iterate.
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Chapter 3
Protocol Study Development
Protocol studies are used to study controlled process in fine detail. This is in
contrast to a user study or experiment designed to study the outcome of a process.
Protocol study use in engineering design has been increasing in recent years to study
the use of sketches in design [49], student approaches to design problems [50, 51], and
other aspects of the design process [52, 53, 54, 55, 8, 56].
While many protocol studies have been used for the study of the engineering
design process, the vast majority of these studies use verbal protocols that rely on
participants discussing their actions either during the activity of interest or after
the activity has ended. Alternatively, groups of participants are studied, and the
verbal communication between the groups can be be recorded and studied. Out of
89 protocol studies with individual participants analyzed in a literature review only
2 had used non-verbal protocols [52]. Additionally, while some protocols have been
used to study the use of sketching in the design process, there have not been any
protocol studies that address the individuals’ interactions with physical objects.
Due to this gap in methods previously used by researchers, a new protocol
study was developed to investigate designer interactions with physical objects on a
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basic level. There is debate over the effectiveness of verbal protocols in providing an
accurate representation of the designers’ thoughts or intentions [54, 24]. Therefore,
the new protocol does not use verbal analysis and was designed to rely on video of
participants actions alone and to create a more natural and non-obtrusive situation
for the participants.
In this study, three participants were asked to develop solutions to a given
design problem. They were provided with various tools, materials, objects to use
at their own discretion while working on the design problem. Their actions were
recorded on video and analyzed to study how the designers interacted with and used
physical objects during the design process.
3.1 Environment and Experimental Setup
The experiment was conducted with one participant at a time. A collabora-
tive research lab in the mechanical engineering departmental building was set up for
conducting the experiments and each experiment was conducted at a time that was
convenient for the participant. The participants were asked to allow for 1.5 hours
of their time to be spent, but the experiments only lasted approximately an hour
between the time participants were brought into the room and the time that they
completed the exit activities. The overall procedure included:
1. Introduction, Problem Statement, and Instructions (Time: As Needed)
2. Design Activity (Time: 45 minutes)
3. Exit Survey and Requirements Form (Time: As Needed)
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3.1.1 Participant Instructions
After each part of the experiment, the next part was started immediately.
Each part is discussed in more detail in the following sections.
A script of instructions to be read to each participant was written. These in-
structions were read to the participant after they were brought into the room in which
the experiment was to be conducted and included the complete problem statement.
Several opportunities for the participants to ask questions were also included in the
script. The complete script in shown in Figure 3.1.
These instructions were given without pushing the experimenter to physically
prototype something. It was their decision to generate solutions he was comfortable
doing, all this in a safe environment thus the safety rules. External sources could
help the designers in acquiring ideas but would introduce an unconstrained factor
that would be hard to record. This design problem was given without any background
information or instruction on prototyping to see how designers naturally interact with
physical objects.
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 Instructions for design problem 
 
Problem statement: 
While in his home workshop, a carpenter occasionally needs to remove an improperly 
placed or unnecessary nail from a given project without damaging the project surface. 
For this project, the carpenter needs to remove a nail and replace it without causing 
damage to his almost completed project. Normally he might use the classic pry 
technique; however, the nail is in such a confined place that the pry will not work. The 
only angle he can approach the nail removal is from the axis of the nail. 
The device should: 
o Not damage the material 
o Remove the nail parallel to its axis   
1. Do you have any questions about this problem statement? 
 
This problem statement will be taped on the table and the white board if you need to 
refer to it later in your design process. We are looking for concepts for tool 
manufacturing and general ideas to address customer’s needs. There is no correct 
amount but you should come up with the number of concepts you feel is necessary to 
address those needs in the allocated time. You will have 45 min to complete this 
exercise. Your actions will be recorded. Everything in the room is available to you.  
Please use the materials carefully to avoid hurting yourself or the property of the 
university. Safety goggles and a safety kit are available in case of injury.  
 
2. Do you have any questions regarding safety rules? 
 
You will: 
 Provide sketch(es) of your designs. The use of any computers or electronic 
devices is not permitted. 
 Preserve all the concepts you have generated. Do not erase, disassemble or 
throw away anything in your final concepts or at the end of your design process. 
 
3. Do you have any other questions? 
 
You may begin working. It is currently: (state current time). You will have until (current 
time plus 45 minutes) to work.  
 
Figure 3.1: The script used to describe the design problem and activity instructions
to participants.
41
3.1.2 Design Problem
Based on the need to have the participants address a novel design problem
but still maintain the ability to provide designs, the distributed design problem must
be new to the designer yet still maintain a level of familiarity so as to not require
significant background information or study. To address this, the following problem
was developed.
While in his home workshop, a carpenter occasionally needs to remove
an improperly placed or unnecessary nail from a given project without
damaging the project surface. For this project, the carpenter needs to
remove a nail and replace it without causing damage to his almost com-
pleted project. Normally he might use the classic pry technique; however,
the nail is in such a confined place that the pry will not work. The only
angle he can approach the nail removal is from the axis of the nail.
Most participants are likely familiar with the removing a nail being that they
are drawn from a mechanical engineering student body, however the goal of this
problem to perform this task in an unconventional way. To generate more interest
from the participant about the design problem, a background story was included in
the design problem. Given in this form, the designer is provided with a justifiable
need for the design. It was chosen to tell the story of a male carpenter so that the
male participants could empathize with the potential user. The sex of the user would
be changed for female participants. This choice implies some bias to the participant
however, the bias should be negligible. The background story of the problem also
implies that the user of the final product is a hobbyist. This implication provides
a “hidden requirement”. It is expected that the participant would develop a cost
requirement based on the hobbyist user implication. It is also expected that the
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participant will produce a set of dimensions within which the final solution must
operate. This would be derived from the terms “confined space” given in the problem.
The design instructions ask the participant to develop multiple concepts for the nail
remover within a given time.
The typical outcome measures associated with design studies, quality, quantity,
novelty, and variety were not studied in this experiment. This is due the the fact
that the focus of this study is on the process of physical interaction. Additionally,
an experiment set up as user study would be more appropriate for analyzing the
outcome of the design process and would require a large number of participants to be
statistically robust. Future work could study how interaction behaviors change as the
instructions change. For example, does encouraging the participants to develop a large
number of ideas change the observed behaviors versus encouraging the development
of one high quality solution?
Each participant was provided a few articles to use for product development.
To address the research questions about designer interaction with physical objects,
when developing the design problem, consideration for the use of physical interactions
had to be observed. It was determined that this problem could be completed with use
of any of the four categories of supplies given to the participant: (1) Legos, (2) Crafts,
(3) Products, and (4) Tools. Two functional requirements were given to help describe
what the design solution must do. These were provided instead of specifications which
could limit the design space available to the designers. The functional requirements
were also given to generate thought about other potential requirements they might
develop themselves. The given requirements were:
• The device should not damage the material, and
• remove the nail parallel to its axis.
43
3.1.3 Provided Materials
During the design of the protocol study, careful consideration was given to
the type and quantity of materials that the participants would have available for
prototyping. The materials were divided into four main categories and the different
types of materials provide different opportunities for activities throughout the design
process.
Raw Materials The raw materials allow participants to build simple parts and pro-
totypes.
Tools The tools allow participants to manipulate the provided raw materials and
explore existing nail removal techniques.
Lego and K’Nex The Lego and K’Nex allow another low-fidelity prototyping op-
portunity. They can be used to quickly build mechanisms and models of sys-
tems.
Consumer Products The consumer products provide real parts of mechanisms and
systems. These also can serve as physical examples of solutions to fulfill different
functions.
The quantities of the materials were held constant for each participant to
ensure consistency throughout the experiment. A complete list of the prototyping
materials is presented in Figure 3.1.
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Table 3.1: Complete list of materials provided to study participants.
Materials Building Sets Products Tools
Styrofoam K'NEX Set Electric Hand Mixer Paper Eraser
Wood Plank (2x4) Circular Saw Motor Ruler (Standard + Metric) Wood Carving Tool Set
Card Stock Electric Can Opener Hand Saw Safety Glasses
Cardboard Electric Carving Knife Rubber Mallet Work Gloves
Wooden Dowels Hair Dryer Brass Mallet Wood Platform
Wood Shims Hammer Duct Tape
Popsicle Sticks C-Clamp (6") Utility Knife
Paper C-Clamp (4") Phillips Screwdriver
Golf Tees Magnets Small Phillips Screwdriver
Assorted Springs Pen Needle Nose Pliers
Rubber Bands Mechanical Pencil Standard Pliers
Dry Erase Marker Snips
Scissors Spring Scale
Lego Technics Set
3.1.4 Data Collection
This study was conducted in a design observatory which was familiar to all
participants. Figure 3.2 is a picture of the work space set up for the experiment and
Figure 3.3 is a schematic layout of the room. The design observatory consists of a
conference table, in the center of which is placed the prototyping materials available
to participants. One chair is provided on the end of the table for participants to sit
in. In front of the chair are a flat piece of wood to protect the table during any tool
use and large paper sheet to provide contrast against the other materials on video.
The table is surrounded on two sides by walls and one side by a bookcase. On the
wall opposite the bookcase is a dry-erase white board. A projection screen (unused
in this experiment) is mounted on the wall in between. The remaining side of the
space is left open.
Data on participant actions was recorded through video. Four video cameras
were mounted around the workspace. The cameras were located on the bookcase to
the left of the participant, in the material space, and below the open end of the white
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Figure 3.2: Picture of the space available for working on the design problem.
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board to the right of the participant. The fourth camera was mounted above the
conference table.
Viewing angles for these cameras are shown in Figure 3.3 as dashed lines. The
bookcase camera is directed to view the table surface and the white board. The white
board camera views the table surface opposite the bookcase camera. The camera in
the materials space provides a close-up view of the papered table surface to capture
assembly operations. The overhead camera provides a view of the table surface from
above. Sound in the observatory is recorded by the microphone in the overhead
camera. Feeds from the cameras and microphone are compiled into a single tiled
video file for later coding. A screenshot of this video feed is shown in Figure 3.4.
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Figure 3.3: Schematic of design observatory used to collect video data.
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Figure 3.4: Picture of the four-tiled video feed recorded for each participant.
3.1.5 Participant Selection
Three participants were recruited from the mechanical engineering department
to participate in the experiment. Two participants were Ph.D. candidates while the
third was a freshman undergraduate student. One Ph.D. candidate was completing
his dissertation work after 10 years of engineering study at Clemson University, co-op
experience as an undergraduate, internship experience as a graduate student, and
several completed design-build projects for industry sponsors. He had also served as
a graduate coach for an undergraduate research team developing LED automotive
headlights. The other Ph.D. candidate was in the pre-proposal stage of his disserta-
tion work after approximately eight years of engineering study at Clemson University.
He also had co-op experiences as an undergraduate, intern experience as a graduate
student, and several completed design-build projects for industry sponsors. The third
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participant was a sophomore level undergraduate student at Clemson University that
also has experience on the undergraduate research team developing LED headlights.
This set of participants was chosen to provide a range of backgrounds and exper-
tise. This range was desired to maximize the diversity of the patterns observed in
the participants actions, making the outcomes of the study more robust and widely
applicable.
3.2 Execution Observations
During the course of conducting the design activities with the three partici-
pants, questions asked by the participants and observations made by the researchers
were recorded. This was done to provide information for refinement of the participant
instruction set, design problem, and coding scheme. The following list summarizes
these observations.
• Participants asked what was wanted from them: notes, sketches, or prototypes.
In response, the participants were told to preserve their designs in whatever way
they are most comfortable. They were not given a desired number of designs or
method of representation.
• Participants asked if the designs need to be communicated in some way after the
activity ends. In response, participants were told that the would not have to
present their designs after the design activities are completed.
• Participants wanted clarification on the definition of “axis” of the nail in the
problem statement. In response, the participants were told that the axis of the
nail is parallel to the longest dimension of the nail.
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• Participants asked if they were to take on the role of the man in the workshop
or a designer of a product to be mass-produced. This question came up after
the design activity was completed. The intention of the design problem was
for the participant to design a new product to be mass-produced. For future
studies, this should be clarified or emphasized in the the description of the
design problem.
• It was noticed that the boxes containing the unassembled products seemed hard
to manage with a mass of cords, wires, and small parts. For future studies, the
products should be “cleaned up” in a manner so that they are easier to deal
with by the participants. Products should be organized and accessible, excessive
power cords should be removed, and the products should be in a uniform state of
assembly. That is, all products should be fully disassembled or fully assembled.
Based on these observations, some changes to the presentation of the design
problem are recommended for future studies. This should not significantly change
the nature of the experiment, but should clarify a couple of issues and make for more
consistent results between participants.
3.3 Coding Scheme and Procedure
A coding scheme was developed in parallel with the design of the experiment
before data collection took place. This was done to remain objective with design
of the coding scheme and to ensure that all data necessary for the coding scheme
could actually be collected. The coding scheme was designed to describe participants
interactions with physical objects by following two types of information: user actions
and entities. A set of action definitions were developed to categorize all behaviors
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pertaining to the research questions to describe what the designers are doing at any
particular time. The entity definitions describe the physical objects involved with
any particular action. The first version of the video analysis protocol was developed
prior to the execution of the design experiment. The goal was to make the coding
scheme straight-forward and objective. However, it was understood that the coding
scheme would have to undergo revisions to reach its maximum value. After the
experiment was conducted, the video from each participant was analyzed by one
researcher using the first version of the coding scheme. During this initial analysis,
notes and observations of the coding procedure were recorded. These observations
were used to revise several action definitions and procedure rules. The following
sections present the final version of the protocol.
3.3.1 Action Definitions
The complete set of action definitions can be broken down into several function
subsets. These subsets are categorized as building actions, handling actions, and other
actions. The building actions describe how a participant might combine parts to build
assemblies or create new parts from a raw material. Table 3.2 presents the complete
list of the building action names along with a definition and a code used to record
the action during coding by the researcher.
The second set of actions describes different levels of general interaction with
physical objects. There is a progression from holding (during which the designer is
not focused on the object) to manipulating (during which the designer is focused on
the object) to using (during which the designer is focused and applying the intended
function of the object). Table 3.3 presents the complete list of handling action names
along with a definition and a code used to record the action during coding by the
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Table 3.2: Definitions of actions related to fabricating and building a prototype.
Code Action Definition
A Add Connection Connecting two parts to form an assembly, or adding a 
connection between one part and an assembly. It is possible 
for a single part to have multiple connections with multiple 
other parts or assemblies. Adding or breaking multiple 
connections without changing activities counts as one one add 
or break activity.
B Break Connection Removing a single connection between parts or assemblies. 
This includes breaking any connections that remove a part 
from an assembly. An accidental break is recorded in the same 
way that an intentional break is recorded.
E Edit Connection Breaking and immediately adding a connection without 
another action or pause in between. This includes re-
positioning a component or connection. 
R Repair Connection Connecting two parts that were previously connected and 
became unintentionally disconnected through use or 
manipulation. Record the element ID of the assembly that 
contained the break. If a part was removed completely, this 
will be noted in the before and after information for entity 
encoding for the break action and the subsequent repair 
action. The break action must always be recorded.
F Fabrication Modifying a material to create a part, or making semi-
permanent or making permanent modifications to an existing 
part. This includes cutting excess material off of a wire tie.
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researcher.
Table 3.3: Definitions of actions related to the handling of physical objects.
Code Action Definition
H Holding Handling an object without direct focus on the object and 
without repetitive actions being carried out with the object. 
Example: Holding a pen while thinking.
M Manipulate Handling an entity with focus or intention. This action 
encompasses moving, modifying (non-permanently and not to 
the extent that a new part is created), and actuating entities. 
U Using Realizing the intended function of an entity. Using does not 
include making intentional modifications to the entity. If using 
one or more entities to perform an action on other entities, 
record all entities involved. Examples: Hitting something with 
a hammer, clamping something with a clamp. Excludes uses 
that are more explicitly described in other actions 
(Pens/pencils for writing/sketching).
T Idle Actions (Tics) Idle actions are repetitive actions and do not contribute to the 
creation of parts that are later investigated or use in an 
assembly. Idle actions may be done in conjunction with other 
actions. This is limited to actions that involve a physical object 
and excludes things like tapping their toe. Examples: clicking 
pen, tapping pen, stretching rubber band. (more than 2 times 
constitutes repetitive)
The third set of actions describe what the designer is doing when not interact-
ing with a particular physical object (with the exception of writing utensils). This set
includes sketching and writing actions as well as two actions that describe different
ways a designer might interact with a group of objects. Table 3.4 presents the com-
plete list of handling action names along with a definition and a code used to record
the action during coding by the researcher.
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Table 3.4: Definitions of other actions captured with the coding scheme.
Code Action Definition
L Looking Actively looking through the provided materials and parts. 
This includes digging and shifting actions as well as visual 
scanning without touching. The "entities before" columns 
are left blank.
G Gathering Selecting, grouping, and/or holding more than part or 
material for use at a later time. If the designer deliberately 
sets something aside from the provided materials but does 
not come back to it, it is assumed that the designer 
originally intended to use the entitity and is still classified 
as gathering.
<blank> Pause A designer is not noticeably performing any of the other 
actions for 3 seconds or more.
P Read Problem Statement The designer reads the problem statement.
S Sketching The creation or modification of a sketch. Each piece of 
paper can contain at most one sketch. The whiteboard can 
contain at most one sketch.
W Writing Notes The designer writes textual notes on provided writing 
surface. Each piece of paper can contain at most one note. 
The whiteboard can contain at most one note.
D Doodling Repetitive sketching of simple shapes.
3.3.2 Entity Definitions
Four different types of physical objects were given to the participants to use
as they saw fit during the experiment. Each of these objects is categorized according
to the definitions provided in Table 3.5. Each entity category is provided along
with its definition and a code used to record the type objects used during coding
by the researcher. Since a finite set of objects were provided to each participant,
each object was categorized prior to the experiment, reducing the subjectivity of the
coding scheme.
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Table 3.5: Definitions of entity types captured with the coding scheme.
Name Description
Material A bulk material such as cardboard, paper, or string that 
has not be permanently modified by the designer or 
used in an assembly.
M (from Material)
B (Blocks)
P (from Products)
Product An entire product assembly or sub-assembly. 
Assembly An assembly is a created when multiple parts are 
connected together. After an assembly is created, more 
parts can be added to it. 
Note Handwritten textual information. All text created 
without interruption of a pause or other action is 
counted as a single note.
Sketch Hand made graphical information. For organizational 
purposes, each page used is a separate sketch. Any 
addition or change of information on the page is a 
modification to that sketch. The white board can 
contain at most one sketch.
Tool Any provided hand tool used in fabrication and 
assembly, sketching or writing.
Fastener nails, screws, zip-ties
Adhesive Glue
Bin A bin containing prototyping supplies, document which 
supplies are located in which bins.
Waste Leftover material from fabrication actions. 
White Board The white board.
Code
Parts An individual building block, part of a disassembled 
product, or piece of material that has been permanently 
modified by the designer. A piece of material that has 
TL
FN
AD
WB
WT
BN
P
MT
PD
AS
NT
SK
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3.3.3 Action-Entity Grammar
A grammar for the actions and entities was developed to clarify and define
the relationships between the two, thereby increasing the objectivity of the encoding
procedure. The grammar describes what entities can be involved in each action and
which entities are produced (if any) from each action. This scheme is an attempt
at a complete organization of all possible uses of each protocol definition and every
possible combination of actions and entities.
For each action, a list of the needed entities was developed along with a list
of all possible entity outputs from that activity. The grammar is expressed using the
defined codes for each entity and activity and the symbol “|” for “OR” and “&” for
“AND”. Table 3.6 includes all of the grammar specifications for each activity.
Table 3.6: Grammar to strictly define the relationship between the action and entity
definitions.
Action Needed Entities Entities Produced
Add Connection (PM|PB|PP|AS|FN|AD)&(PM|PB|PP|AS|FN|AD) AS
Break Connection AS (PM|PB|PP|AS|FN|AD)&(PM|PB|PP|AS|FN|AD)
Edit Connection AS AS
Repair Connection AS|(AS&(PM|PB|PP)) AS
Fabrication MT|PM PM|(PM&WT)
Holding AS|MT|PM|PB|PB|SK|NT|TL|BN|FN|AD|PD N/A
Manipulate AS|MT|PM|PB|PB|SK|NT|TL|BN|FN|AD|PD N/A
Using AS|MT|PM|PB|PB|TL|PD N/A
Idle Actions (Tics) AS|MT|PM|PB|PB|TL N/A
Looking BN N/A
Gathering (AS|MT|PM|PB|PB|TL)&BN N/A
Pause N/A N/A
Read Problem Statement N/A N/A
Sketching (TL&TL) SK
Writing Notes (TL&TL) NT
Doodling (TL&TL) SK
For example, a “sketching” activity requires two entities: a writing utensile
and a writing surface. This could be a pencil or pen on a sheet of paper, or it could be
a marker or eraser on the white board. In either case, a “sketch” entity is produced.
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3.3.4 Video Encoding Procedure
To convert the raw video data into a format that can be processed and ana-
lyzed, a coding procedure was developed in conjunction with the action and entity
definitions. The general coding procedure is as follows:
1. Play the video.
2. Watch for the starting of any activity.
3. Record the video time stamp of the beginning of the activity along with the code
for the correct action in the Action Encoding Worksheet, shown in Figure 3.6.
4. For each previously unused entity in the activity, assign a new entity ID and
record the entity type and name from the BOM. Record a description of the
object if there was more than one of that type provided, e.g. a lego brick. An
example Entity Encoding Worksheet is shown in Fig. 3.5.
5. Record the ID numbers of each original entity in the “Entities Before” column
of the action encoding worksheet.
6. Record the ID numbers of any entity that was created or modified in the “En-
tities After” column of the action encoding worksheet.
7. If at any time, the action being performed or the entities involved with the
action being performed changes, a new time stamp is recorded on the next line
of the worksheet.
Along with the general procedure, there are several other encoding rules that
should be followed.
1. A new time stamp is recorded as the activity or entities involved changes.
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2. If sketching or writing is stopped for less than three seconds and the only actions
observed in the mean time are <pause>, holding, or idle actions, do not count
these actions.
3. Each action is encoded on its own line with the associated entities. If multiple
actions occur at the same time, start the second action on a new line with the
same time stamp.
Figure 3.5 is an excerpt from an entity encoding worksheet. The entity encod-
ing worksheet shows the entity ID, the code for the entity type, the name from the
list of provided materials, and a text description if needed. The excerpt in Figure 3.5
includes a bin, Lego pieces, styrofoam material and a part made from styrofoam.
Entity ID Type Name from BOM Plain text description (for identification/tracking)
1 BN Bin Bin Containing Legos
2 PB Legos 6 hole straight piece
3 PB Legos 6 hole straight piece
4 PB Legos black pin
5 AS Legos Scissor Mechanism
6 MT Styrofoam Styrofoam block
7 PM Styrofoam Styrofoam prototype part
8
9
10
Figure 3.5: Example entity encoding worksheet.
Figure 3.6 is an excerpt from an action encoding worksheet that accompanies
the entities recorded in Figure 3.5. This worksheet shows the timestamp, action code,
and IDs of all entities being used. This worksheet excerpt shows that the participant
spent time looking through a bin and gathered three Lego pieces. The three Lego
pieces were combined to make a new assembly that was given a new entity ID. Lastly,
a piece of styrofoam material was modified to make a styrofoam part through a
fabrication activity.
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Time Stamp Actions Entities Before (ID) Entities After (ID) Notes:
0:00:22 L 1
0:00:25 G 1 2 3 4
0:00:45 A 2 3 4 5
0:47:00 F 6 7
Figure 3.6: Example action encoding worksheet.
3.4 Action Sequence Pattern Definitions
Fifteen action patterns were developed to characterize different sequences of
actions exhibited by the participants during the design activity. These actions were
developed after a review of literature concerning the use of prototypes and physical
objects during the engineering design process. The patterns that were generated were
created to capture the prototyping roles discussed in literature as well as the overall
structure of the design process. The patterns are categorized into four groups:
Learning Patterns: The participant learns something about the design problem or
the design solution through manipulation of or interaction with physical objects.
These patterns are based on the learning role of prototypes as described by
several sources. Learning can include the discovery of unexpected phenomena
through interactions with prototypes or other physical objects or the knowledge
gained through prototype testing [16, 9, 18]. The five learning patterns are
presented in Table 3.7.
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Table 3.7: Learning Patterns
Sequence L1 L2 L3 L4 L5
1 Focused
Interaction
Focused
Interaction
Fabricate Fabricate Fabricate
2 Document,
Think, Ideate
Unfocused
Interaction
Build Document,
Think,
Ideate, Mod-
ify, Fabricate
Focused
Interaction
3 Document,
Think, Ideate
Document,
Think,
Ideate, Mod-
ify, Fabricate
Document,
Think,
Ideate, Mod-
ify, Fabricate
Integration Patterns: The participant learns something about the design problem
or the design solution through the creation of or interaction with assemblies.
The integration patterns are base on the integration roles of prototypes. These
patterns are learning patterns with the condition that the designer is learning
something about how different components fit or work together as a system
[16, 18]. The two integration patterns are presented in Table 3.4.
Table 3.8: Integration Patterns.
Sequence I1 I2
1 Fabricate Build
2 Build Focused Interaction
3 Focused Interaction Document, Think, Ideate,
Modify
4 Document, Think, Ideate,
Modify, Fabricate
Starting Point Patterns: Interaction with physical objects inspires new ideas, acts
as an analogy for a new idea, or acts as a jumping-off point for a line of thought.
The starting point patterns are based on the roles described by Brereton and
McGarry combined with the work of Lande and Leifer that describe prototypes
as being able to help bring high level concepts into a physical reality [20, 9].
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The six starting point patterns are presented in Table 3.4.
Table 3.9: Starting Point Patterns.
Sequence S1 S2 S3 S4 S5 S6
1 Focused
Interaction
Searching Focused
Interaction
Searching Focused
Interaction
Searching
2 Document Document Build Build Fabricate Fabricate
Generic Patterns: These patterns follow a generic design process of developing an
idea, refinement, prototyping and testing, and then another refinement stage.
This overall iterative design-build-test cycle is derived from engineering design
literature [6, 16]. This pattern assumes that the participant is attempting to go
further through the design process than what is normally considered conceptual
design and is selecting and refining concepts rather than generating concepts
alone. The two generic patterns are presented in Table 3.4.
Table 3.10: Generic Patterns.
Sequence G1 G2
1 Document Document
2 Build, Fabricate Build, Fabricate
3 Focused Interaction Documentation
4 Build,Fabricate
When developing each pattern, the actions were placed in different functional
groups. Each function group represents a higher level intention, and contains the
actions that could represent the intention of the designer. In some cases, the actions
can be called necessary but not sufficient conditions to draw conclusions about the
designers’ intentions. For example, while a participant is trying to think of new ideas,
the actions observed may be idle actions, doodling, or just a pause. However, the ob-
servation of idle actions does not necessarily mean that the participant is attempting
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to develop new ideas. This protocol is designed to capture basic behavioral patterns,
but it is difficult to create confidence in the capture of cognitive activities. This
should be investigated further in future work.
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Chapter 4
Protocol Validation
In order to help evaluate the validity of the results, the reliability of the pro-
tocol was assessed. Multiple raters encoded video segments and the coded data
produced by the raters were compared. The variation between the raters could be
influenced by several factors:
1. Subjectivity in the coding scheme
2. Variation in time stamp recording
3. Ambiguity in video data
4. Errors made in coding procedure
The first two factors are mainly influenced by the design of the coding scheme,
which is discussed in Section 3.3. The third factor is influenced by both the setup
of the data collection methods and the coding scheme. The fourth factor was given
special consideration because these errors are directly influenced by the researchers
conducting the coding of the video data.
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The subjectivity in the coding scheme is determined by the definitions of the
actions and entity types. The a full list of entities provided to the participants
was available, and all entity types were classified before the experiment to eliminate
subjectivity. However, there is subjectivity in the action definitions. For example,
the rater must decide if a participant is focusing on an object or not to distinguish
between manipulating or holding.
Errors made in the coding procedure should be largely addressed by rater
training and a clear definition of the coding procedure. However, it is expected that
errors may occur but are not malicious. Explicit coding instructions and definitions
were provided to each rater during training prior to any analysis.
Between two raters, there is likely to be small differences in the time stamps
recorded for a set of actions, even if the actions themselves are coded identically.
This is due to the one second resolution used in the protocol. A lower time resolution
would help alleviate variation due to this factor.
Ambiguity in the video data is largely an issue with the experiment design
rather than an issue of the protocol itself. It is manifested when it is unlear to the
rater what is occuring in the video. This could be due to inadequate resolution or
lighting or hidden actions. This issue is mitigated through the use of multiple camera
views and it is essential that the experiment and protocol are designed to complement
each other.
4.1 Inter-Rater Agreement
The protocol coding scheme and coding procedure have gone through revisions
to improve the reliability and validity of the results. After initially coding videos of the
three participants, the protocol was revised to reduce subjectivity of the definitions
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and clarify the coding procedure.
After the revision of the protocol, inter-rater agreement for the coding scheme
was assessed using three different fifteen minute long video segments; one from each
participant. Three raters encoded the data in each video segment.
The agreement between each two raters was calculated on a second-by-second
basis. The action data from the encoding worksheet was modified to list the action
observed for every second within the given design process. This way, the ratio of the
number or seconds where the two raters were in agreement compared to where they
differed could be calculated. This method of calculation was done for a few reasons:
• This method does not penalize longer actions that were observed by both raters,
but not recorded at the same time stamp.
• This method provides an intuitive means for understanding the amount of agree-
ment between raters. With the second-by-second calculation, an agreement of
0.8 means that 80% of the time was encoded the same by each rater.
• The major focus of this research is understanding how designers interact with
physical media in engineering design. Also, the coding of the entities involved
was designed to be objective as possible with each available entity classified
before the experiment was conducted. For these reasons, the agreement calcu-
lations focused on the actions rather than the entities.
The second-by-second approach to the agreement calculation will penalize the
raters proportional to the amount of time that the encoding differs. For example, if
Rater 1 observed a manipulation action from 10:34 to 10:42 while Rater 2 observed
a manipulation action but recorded timestamps of 10:35 and 10:43, the two raters
disagree on the action for two seconds but agree for the eight seconds. A method
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that only takes into account the starting times of the actions would classify the whole
time as a disagreement, when the difference could be attributed to the random error
of starting and stopping video playback.
Using this method, the joint probability of agreement was calculated, compar-
ing each rater to the other two raters. This was repeated for all three video segments
for a total of nine comparisons. The results of the joint probably of agreement calcu-
lations are presented in Table 4.1.
Table 4.1: Calculated joint probability of agreement for three video segments.
Rater Pair AP BM EN
1–2 0.52 0.49 0.33
1–3 0.54 0.49 0.31
2–3 0.80 0.71 0.62
As shown in Table 4.1, the agreement between raters 1 and 2 and between 1
and 3 are quite low and do not give much confidence in the reliability of the protocol
and coding scheme. However, there was much better agreement between raters 2 and
3. It should be noted that raters 2 and 3 were more active in the development of the
entity and action definitions as well as the coding scheme. Rater 1 was less active
in these developments and was therefore less familiar with the coding scheme. This
indicates that the protocol has the potential to be reliable, but in this case, there
may have been a lack of necessary training.
Another test of the reliability was conducted after refining coding scheme and
rater instructions. A new video segment of EN was given to a fourth rater formerly
not associated with the experiment. This rater was given an overview of all the
encoding procedures, entity definitions, action definitions and training on how to
perform the analysis. The agreement between this fourth rater and rater 3 from
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Table 4.1 was 0.6. This agreement is approximately equal to the agreement between
raters 2 and 3 in Table 4.1. Futher analysis was done to determine that actions where
the most dissagrement was occuring, and thus where the coding scheme needs the
most refinement. For each second in the coded data where the two raters differed,
the actions specified by each rater were noted. The sum of actions where differences
occured are presented in Table 4.2.
Table 4.2: Total number of seconds of difference for each action coded.
Action Codes
Rater A B E R F H M U T L G Pause P S W D
4 0 0 0 0 0 61 13 30 15 55 0 4 3 75 15 0
3 0 0 0 0 0 101 61 10 0 11 0 18 24 10 36 0
Total 0 0 0 0 0 162 74 40 15 66 0 22 27 85 51 0
The larges number of differences occured when one of the raters coded a han-
dling action and the second highest number of differences occured with sketching
actions. It was observed that during sketching or writing, the participants would pe-
riodically pause. Often, the participants would continue to hold the writing utensile
during these pauses. Figure 4.1 shows an excerpt of a time distribution plot con-
taining holding, sketching, and writing actions as well as pauses. It can be seen that
these actions are often adjacent to each other. Many of the differences in the coding
could be a result of one rater documenting one of the intermittent holding actions
while the other rater did not. Also, the picking up a writing utensile at the beginning
or end of a sketching or writing action could be documented as handling actions in
some cases but not others, causing more discrepancies between the raters. Because
these two actions are often adjacent to each other, clarifying the definitions of these
actions and the instructions regarding timing could creatly increase the reliability of
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the protocol.
Figure 4.1: Time distribution excerpt of Holding, Sketching, Writing, and Pause
actions.
The action coding differences shown in Table 4.2 also indicated large differences
in the coding of manipulating and looking actions. The definition of manipulating is
subjective in that the rater must decide if the participant is focusing on the object or
not. Likewise, when coding a looking action, the rater must decide if the participant
is actively looking through materials in a bin versus casually looking in that particular
direction. The definitions of manipulating and looking are also prime candidates for
coding scheme revisions.
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Chapter 5
Protocol Study Results
To study the actions of each participant in the protocol study, a coding scheme
was developed to systematically process the actions observed in each video. By fol-
lowing a standard procedure, the actions of each participant and the physical entities
involved in the actions were recorded for further analysis. The sequence of actions
observed in the video of each participant were also searched through for evidence of
patterns that might lend more insight into the thought process of the participant.
5.1 Analysis Process
The design activity video of each participant was processed using a mixture
of automated and manual methods to encode the the activity data in a way that
the participants’ actions and patterns within their actions could be studied. The
overall analysis process is presented in Figure 5.1. Each video was manually encoded
according to the definitions and rules defined in the physical interactions coding
scheme presented in Section 3.4. The coded data was processed using computer
software to allow for manipulation, analysis, and visualization. This initial processing
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produced a filtered set of data for each participant, allowing each type of action to
be studied individually. Additionally, individual action types could be compared to
each other or compared across participants. The action sequence for each participant
was further processed by searching for the occurrence of fifteen different pre-defined
patterns. This produced another data set that could be manipulated and presented
in a similar fashion to the action sequence data.
Figure 5.1: The recorded video was analyzed to study the actions of each participant
as well as patterns in the behavior of each participant.
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5.2 Action Sequence Comparison
Table 5.1 includes the total number of times each action type was observed
for each participant along with the total amount of time spent on that action type.
None of the participants spent a significant amount of time on the building actions.
Table 5.1: Total number of instances and total time spent on each action type,
arranged by participant.
AP BM EN
Action Instances Time [s] Instances Time [s] Instances Time [s]
Add 0 0 3 13 5 24
Break 0 0 1 1 3 5
Edit 0 0 0 0 0 0
Repair 0 0 0 0 0 0
Fabricate 0 0 0 0 0 0
Hold 82 783 40 352 64 893
Manipulate 16 140 49 781 63 535
Use 0 0 0 0 8 217
Idle Action 0 0 6 72 2 12
Looking 1 7 8 58 28 219
Gathering 0 0 0 0 2 5
Pause 11 116 38 546 24 273
Read PS 1 21 8 52 5 110
Sketching 50 694 20 585 27 560
Writing 48 779 33 411 12 102
Doodling 0 0 0 0 0 0
Figure 5.2 displays the total number of instances of each action by participant.
There were few instances of building actions observed for all three participants (Add,
Break, Edit, Repair, and Fabricate).
Figure 5.3 displays the total amount of time spent on each activity type (the to-
tal time from all instances) for each participant throughout the design activity. There
are three instances where the rank of the participants with respect to the number of
instances and the total time spent differ. These differences are in the manipulate,
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Figure 5.2: Number of instances of each action type observed.
read problem statement, and sketching actions. In the case of the manipulate action,
BM had fewer instances of the action, but spent more total time on the action.
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Figure 5.3: Total time of each action type observed.
To study the different actions observed in more detail each set of actions:
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building actions, handling actions, and other actions were split apart and represented
with time distribution plots as described in Section 5.3. These plots are presented in
the following sections.
5.3 Time Distribution Figure Description
This section describes a type of figure that will be used extensively throughout
the discussion of the participants’ actions. The figures are intended to show how the
actions of each participant are distributed over time. The data recorded according
to the coding scheme was analyzed to show the progression of actions throughout
the design experiment as described in Section 3.3. Figure 5.4 is an example action
distribution plot. Each column represents an instance of the participant performing a
particular action. The height of the column represents the length of time spent on the
action while the horizontal position indicates the time at which the action occurred
during the design activity.
Figure 5.4 shows the occurrence of holding and manipulating actions as they
were performed by a participant. The holding actions are indicated by blue lines
and the manipulating actions are indicated by magenta lines. The majority of the
actions represented here occurred for less than 40 seconds. However, there were three
instances of the participant holding an object for a time period of 60 to 90 seconds.
These holding actions occurred at time stamps of 1992, 2374, and 2479 seconds.
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Figure 5.4: Time distribution plot showing the occurance of Holding and Manipulat-
ing actions.
5.3.1 Building Actions
Figure 5.5 shows the building actions observed for each participant in separate
subplots. There were very few building actions observed for any of the participants.
This could be due, in part to the difficulty of observing the interactions with the
small building blocks as discussed in Section 4. The participant AP did not spend
any time at all on building actions, while both of the other participants did a small
amount of time on the building actions.
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Figure 5.5: Time distribution plot of building actions.
5.3.2 Handling Actions
Figure 5.6 is the time distribution plot of the handling actions observed during
the protocol study. Comparing the three participants, it can be seen that there
is a trend of increasing variety in the observed actions. AP’s actions were mostly
holding, with a few instances of manipulting. BM’s actions were a mix of holding
and manipulating with a few instances of idle actions. EN’s actions were a mix of
holding, manipulating, and using.
As the actions are defined with increasing level of attention given to the entity,
it could be said that EN focused the most on the entities given. This also correlates
with an increased observance of entity mechanisms in the documented design solutions
for EN. These design solutions are discussed in Section 5.6.
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Figure 5.6: Time distribution plot of handling actions.
5.3.3 Other Actions
Figure 5.7 is the time distribution plot of the other actions observed during
the protocol study. AP spent the majority of the design period sketching and writing
with a few pauses. However, BM’s plot shows more pauses and blank areas indicating
time spend on building or handling actions. EN’s plot shows the most variety with
less time spent on writing and sketching and the most amount of blank space. This
corresponds with an increase in the amount of time spend on handling and building
actions.
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Figure 5.7: Time distribution plot of other actions.
5.4 Pattern Searching
Two sets of definitions were used to search the action sequences for patterns in
participant actions. One set included the patterns as originally developed and search
for those patterns strictly. The second set of definitions used the same patterns,
but allowed for a pause to appear between any two actions of interest. This set of
definitions captures all of the pattern instances captured with the normal search, plus
several more.
To compare the effects of these two searches, a pattern distribution plot was
created with the results of the robust search overlaying the results of the normal
search. This plot is shown in Figure 5.8.
Each sub-plot in Figure 5.8 presents the results for a different participant and
the plots include results from all fifteen patterns. The solid blue lines in Figure 5.8
represents the results of a search for all patterns, without allowing any pauses between
actions of interest. The overlaying, dashed, green lines represent the results of a
78
Figure 5.8: Time distribution plot of the robust search results (dashed green lines)
overlaying the normal definition search results (solid blue lines).
search allowing one pause to exist between the the actions of interest in the pattern
definition. There were two, three, and four extra instances found using the robust
search method compared to the normal search method for participants AP, BM, and
EN respectively.
Due to the small difference seen between the two search methods, the results
of the robust method will be used throughout the rest of this document.
79
5.4.1 Participant Pattern Comparison
Out of the fifteen total patterns identified, six were observed using the normal
pattern definitions presented in Section 3.3. However, a seventh pattern was observed
when the robust pattern definitions were considered. A summary of the found pat-
terns is provided in Table 5.4.1. Approximately twice as many instances of patterns
were observed for participants BM and EN than AP. However, the average lenght
of the patterns observed did not vary significantly between the three participants.
The total average times ranged from 31.0 to 35.9 seconds using the robust pattern
definitions.
Table 5.2: This table includes the number of instances of each pattern found in the
action sequences along with the total amount of time spent on each pattern.
AP L1 L2 I2 S1 S2 S3 S4 Total
Normal
Instances 12 3 0 3 0 0 0 18 35.9
Total Time [s] 380 181 0 86 0 0 0 647
Robust
 Instances 12 3 0 5 0 0 0 20 35.9
Total Time [s] 391 181 0 146 0 0 0 718
BM
Normal
Instances 36 7 1 6 0 2 0 52 27.9
Total Time [s] 912 246 42 235 0 14 0 1449
Robust
 Instances 36 8 1 8 0 2 0 55 31.0
Total Time [s] 958 350 42 341 0 14 0 1705
EN
Normal
Instances 25 3 2 3 0 1 4 38 24.1
Total Time [s] 591 87 32 157 0 5 42 914
Robust
 Instances 25 3 2 5 2 1 4 42 31.4
Total Time [s] 711 87 32 372 70 5 42 1319
Average 
[time/pattern]
The pattern distribution search results for each pattern are shown in Fig-
ure 5.9. Each sub-plot shows the pattern distribution of all patterns combined for a
particular participant and the average pattern length for that participant shown with
a black dashed line. The average pattern lengths for each participant were 35.9, 31.0,
and 31.4 seconds respectively.
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Figure 5.9: Time distribution plot of the pattern search results for each participant.
5.4.2 Pattern: L1
Learning pattern 1 (L1) is defined as the sequence of actions where the par-
ticipant exhibits a focused interaction with an object or prototype, learns something,
and then moves on to modify the object or document their insights. This could be
visible as a sequence of ’M’, followed by ’S’ actions in the action sequence. Figure 5.10
is a comparison of the time distribution of the Learning Pattern 1 as exhibited by the
three participants.
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Figure 5.10: Time distribution plot of pattern L1.
5.4.3 Pattern: L2
Learning pattern 2 (L2) is defined as the sequence of actions where the par-
ticipant exhibits a focused interaction with an object or prototype, followed by an
un-focused interaction, and then moves on to modify the object or document their
insights. This could be visible as a sequence of ’M-H’ followed by ’S’ actions in the
action sequence. Figure 5.11 is a comparison of the time distribution of the Learning
Pattern 2 as exhibited by the three participants.
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Figure 5.11: Time distribution plot of pattern L2.
5.4.4 Pattern: I2
Integration Pattern 2 (I2) is defined as the sequence of actions where the
participant builds something (as defined by the building actions), learns something
from this process or interaction with the assembly, and proceeds to document the
insights or modify the assembly. This could be visible as a sequence of ’F’, followed by
’S’ actions in the action sequence. Figure 5.12 is a comparison of the time distribution
of the Integration Pattern 2 as exhibited by the three participants.
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Figure 5.12: Time distribution plot of pattern I2.
5.4.5 Pattern: S1
Starting Point Pattern 1 is defined as the sequence of actions where focused
interaction is followed by documentation. Figure 5.13 is a comparison of the time
distributions of Starting Point Pattern 1 as exhibited by the three participants.
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Figure 5.13: Time distribution plot of pattern S1.
5.4.6 Pattern: S2
In this starting point pattern, the participant is observed searching and sub-
sequently documents something without any action in between. Figure 5.14 is a
comparison of the time distributions of Starting Point Pattern 2 as exhibited by the
three participants.
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Figure 5.14: Time distribution plot of pattern S2.
5.4.7 Pattern: S3
Starting Point Pattern 3 is a focused interaction with an object followed by
a building action. Indicating that the building action may be related to the item of
interest in the interaction action. Figure 5.15 is a comparison of the time distributions
of Starting Point Pattern 3 as exhibited by the three participants.
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Figure 5.15: Time distribution plot of pattern S3.
5.4.8 Pattern: S4
Starting Point Pattern 4 is a searching action followed by a building action.
Figure 5.16 is a comparison of the time distributions of Starting Point Pattern 4 as
exhibited by the three participants.
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Figure 5.16: Time distribution plot of pattern S4.
5.5 Entity Use
In addition to the participants’ actions, the entities involved in each activity
were recorded. The entities are classified into different types according to the defini-
tions in Section 3.3.2. Figure 5.17 presents the number of entities of each type that
were used by the participants.
Of all three participants, it was observed that AP used the smalled number of
entities at 22 total. AP also had the lowest diversity, only using five different types.
Within these five types of entities, tools were used the most often. Both BM and EN
interacted with signficantly more entities at 52 and 61 respectively. BM interacted
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Figure 5.17: Number of each entity type observed in the protocol study.
with 11 different types of entities whereas EN interacted with 9.
Throughout the design activity, EN only interacted with two entity types more
than four times: part-blocks and tools. The entities used by BM were more evenly
spread out among the entity types. With the exception of the number of legos that EN
interacted with, the largest proportion of entities were tools. This could be explained
for several reasons:
• The tools were located at one edge of the table, where they were easily accessible
to the participants.
• The tools all have intented functions, unlike raw materials and generic lego
peices.
• The tools are relatively simple compared to the products provided.
• As the design problem was to develop a tool, the provided tools were somewhat
related to the solutions the participants were developing.
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For these reasons, the tools provided an easy way to prototype specific func-
tions, such as a particular motion or mechanism while also containing more informa-
tion than raw materials for example.
The large number of legos that EN interacted with may not be represented
of the number of unique parts handled. This is due to difficulties with determining
which specific part is placed in the bin or picked-up. While EN may have placed a
part in a bin and picked it back up later, this was not able to be determined and was
coded as a new entity. Additionally, during encoding of the video it was often hard
to determine specifically what action was being carried out when the participant had
small pieces in their hands. This is further discussed in Section 4.
5.6 Document Analysis
After each participant completed the design activity, pictures were taken of
all sketches and notes on the blackboard and all papers containing handwritten work
were scanned. The solution mechanisms in each sketch were compared to the types
of entities used by the participants during the design activity. For each participant, a
comparison matrix was formed to compare the entities used and the physical mech-
anisms seen in the concept sketches and notes. Note that the list of entities in the
comparison matrices have been edited to remove notes, sketches, bins, and individual
building block pieces.
Table 5.3 is the comparison of entities and solution mechanisms for participant
AP. There were two solution mechanisms were related to entities that AP interacted
with: toggle clamps and screw mechanisms.
Table 5.4 is the comparison of entities and solution mechanisms for participant
BM. There were five out of nine solution mechanisms were related to entities that
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Table 5.3: Comparison of entities used and solution mechanisms for AP.
Solution Mechanisms
Entities Adhesive Screw Mechanism Toggle Clamp Molten Metal Magnet
PENCIL
PAPER
WOOD PLANK
TOGGLE CLAMP - HORIZONTAL X
WOOD CARVING KIT
SPRING SCALE
C-LAMP -SILVER X
MARKER
WHITEBOARD
ERASER
LEGO BIN
TOGGLE CLAMP X
KNEX PIECE
BM interacted with: magnets, toggle clamp, vibrations, heat, and adhesive. The hair
dryer and electric knife, while not being directly related to nail removal, have qualities
that appeared in the scketches: heat generation and linear oscillation respectively.
Table 5.5 is the comparison of entities and solution mechanisms for participant
EN. There were six out of seven solution mechanisms related to entities that EN
interacted with: magnets, toggle-clamps, pliers, c-clamps, hammer, and drilled and
tapped thread. Again, the entities used are not necessarily seen explicitly in the
solution mechanisms, but qualities or functions can be found that relate the two.
While it can not be said for certain that the entities that the participants
interacted with directly influence the generation of ideas, it is important to note the
correlations between the two. Also, since there is no control sample in this case,
statements regarding the types of ideas that would have been generated without the
entities available can not be made. Also, while it is likely that all solutions generated
by the participants were recorded in some manner, they were not explicitly told to
sketch or write and there may have been ideas that were thrown out before the
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Table 5.4: Comparison of entities used and solution mechanisms for BM.
Solution Mechanisms
Entities Magnet Pliers Toggle-Clamp
Pneumatic
Suction
Lubricant
Injection Vibrations
Heat
Expansion Adhesive Cooling
PAPER
PENCIL
PEN
GLOVES
WOOD CARVING KIT
SPRING CLAMP
MAGNET X
CENTERPUNCH
RULER
WOOD GLUE X
RUBBER BAND
NAIL
DOWEL ROD
GOLF TEE
MIXER
MIXER PART
ELECTRIC KNIFE X
CAN OPENER
STEEL MALLET
NYLON STRING
TOGGLE CLAMP -VERTICAL X
STYROFOAM
HORIZONTAL TOGGLE
CLAMP X
HAIR DRYER X
participants documented the idea.
It is interesting to note the number of connections with respect to the total
number of mechanisms observed in the sketch. AP, the only undergraduate student
had the lowest percentage of related mechanisms and also had the lowest number of
concept mechanisms. Both of the other participants had higher rates of connections.
These connections show that it is likely the participants were drawing inspiration
from the entities that they interacted with. It cannot be stated definitively from the
data collected, but it appears that through using and manipulating different tools and
object, the participants were able to see how the different functions could be applied
to their own design problem. The participants were even able to find connections
between household kitchen appliances and woodworking tools.
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Table 5.5: Comparison of entities used and solution mechanisms for EN.
Solution Mechanisms
Entities Toggle Clamp Pliers Screw Magnets C-Clamps Hammer Drill/Tap
WOOD PLATFORM
C-CLAMP X
C-CLAMP X
PAPER
PEN
MAGNET X
MARKER
WHITE BOARD
TOGGLE CLAMP-
HORIZONTAL X
TOGGLE CLAMP - VERTICAL X
SCREW DRIVER X
WIRE
NAIL
NEEDLE NOSE PLIERS X
HAMMER X
RUBBER MALLET
NAIL
5.7 Protocol Study Results
• The amount of time spent on focused interactions (manipulating and using)
correlated positively with the number of solutions related to the entities the
participants interacted with.
• The participant with the least amount of design experience spent the most
amount of time on sketching and writing actions.
• The most observed patterns were two learning patterns and one starting point
pattern. Each of these patterns involve the participant interacting with some
obect or objects and then proceding to sketch or write. This also supports the
theory that the participants are taking ideas or concepts from the objects they
interact with and integrating them into their design solutions.
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• There were very few instances of building actions in the protocol study data.
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Chapter 6
Research Contributions
The goal of this thesis is to explore the use of prototypes during conceptual
design. This was done through a case study wherein six interviews were conducted
with engineers from industry. This was complemented with the development of a
protocol study used to investigate designers’ use of and interactions with physical
objects during conceptual design on a short time scale. The results of these two
projects are combined to answer three exploratory research questions:
1. How are prototypes used during conceptual design in industry?
2. Can different prototyping activities be classified as either divergent or conver-
gent activities?
3. How can the interactions between designers and physical objects be studied?
The following sections provide a response to each of these questions in more
detail along with a discussion of other contributions to engineering design research
presented in this thesis.
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6.1 Addressing the Research Questions
The goal of this thesis is to explore the use of prototypes during conceptual
design. This was done through a case study wherein six interviews were conducted
with engineers from industry. This was complemented with the development of a
protocol study used to investigate designers’ use of and interactions with physical
objects during conceptual design on a short time scale. The results of these two
projects are combined to answer three exploratory research questions:
1. How are prototypes used during conceptual design in industry?
2. Can different prototyping activities be classified as either divergent or conver-
gent activities?
3. How can the interactions between designers and physical objects be studied?
The following sections provide a response to each of these questions in more
detail along with a discussion of other contributions to engineering design research
presented in this thesis.
6.1.1 How are prototypes used during conceptual design in
industry?
The interviews conducted with engineers at Electrolux and Michelin provide
insight into how prototypes are used throughout conceptual design. Because of the
differences in the products developed at the two companies, the protototyping activ-
ities also varied. Several examples are discussed to show how prototypes are used to
support task clarification and conceptual design. Specifically, prototypes have been
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shown to support idea generation, evaluation of early design concepts, and problem
understanding.
The interviews provide evidence of several different types of prototypes that
have been used in conceptual design. The prototypes that were discussed were clas-
sified using the Hierarchical Morphological Prototyping taxonomy. Additionally, the
roles of each prototype and the design needs met by the prototypes were classified.
It was found that the type of product greatly influence the fidelity of the prototype.
However, lower fidelity prototypes were still successful at meeting multiple design
needs and fulfilling multiple roles. Many of the prototypes constructed also fulfilled
multiple roles and met multiple design needs.
The prototyping examples and discussions provided in the interviews support
several guidelines for prototyping during conceptual design. The content of the inter-
views serve as examples showing how prototypes can be successfully used to support
conceptual design. From these interviews, several recommendations have been devel-
opment to guide how to effectively use prototypes in task clarification and conceptual
design.
• Prototype early and often, then iterate.
• Start out as fast and inexpensive as possible.
• Build as accurately as possible or is needed to answer what you need to know.
• Plan for the purpose of the prototype.
• Prepare a path forward that is dependent on the possible prototype testing
outcomes.
• Build prototypes that can perform double duty.
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• Share resources between prototypes to build multiple designs and evaluate more
of the given design space.
• Following a systematic method for building prototypes can help manage costs
and risks.
These guidelines do not vary significantly from what is seen in literature and
can be implemented in engineering design processes to help designers manage the
costs and risks associated with prototyping [16, 10]. Taken as a whole, the guidelines
suggest a culture of prototyping where prototyping multiple concepts, testing, and
iterating are an integral part of the design process. However, the need for planning,
risk assessment and efficient use of resources should be considered throughout the
process.
It is important to note that while these guidelines are note entirely unique,
they were developed from the study of conceptual engineering design. As discussed in
Section 1.3, many design texts do not recommend prototype use in conceptual design
due to cost or time management concerns. In contrast, the engineers that were
interviewed cite many advantages to prototype use, especially that of maintaining a
product development schedule.
6.1.2 How can the interactions between designers and phys-
ical objects be studied?
A protocol study was developed that can be adapted for use in studying other
issues with physical object interaction. The protocol study method developed uses
definitions of entities that a participant can interact with and a set of action defini-
tions describing the types of activities that participant can partake in. A video of a
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participant working on a design problem is recorded and the action and entity defi-
nitions are used to describe the interactions of the participants and physical objects
on a second-by-second basis.
The coding scheme for the protocol was designed to be as objective and re-
peatable as possible, however there are still issues that can be improved upon. These
issues are primarily related to the error introduced when it is hard for the person cod-
ing the video to see exactly what the designer is doing with small objects. Regardless,
it was useful for identifying patterns in the designers activities and describing how
the designers spent their time during the design process.
It was seen that the three participants observed in the protocol study followed
different types of processes. AP, an undergraduate student, spent a larger portion of
his time working out his ideas on paper with intermittent periods of interactions with
the objects around him. Another participant, BM, spent more time interacting with
different tools and products while also taking time to document ideas after periods
of interaction. The third participant, EN, also spent significant amounts of time
interacting with tools and the building blocks with periods of documentation.
In the sketches and notes produced by each participant, there were instances
of mechanisms in the solutions that were related to the types of entities the partici-
pants interacted with. It was found that the participants that spent more time with
manipulating and using actions also had higher numbers of related entities in the
design solutions.
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6.1.3 Can different prototyping activities be classified as ei-
ther divergent or convergent activities?
Current prototyping guidelines are often limited to specific roles or design
needs [16, 10, 39]. By identifying prototyping activities especially suited for either
the divergent stages of design or the convergent stages of design, prototypes can
be constructed that fulfill more than one role effectively, as seen in the prototypes
discussed in the industry interviews presented in Sections 2.1 and 2.2.
The divergent or convergent activity classification has the benefit of taking
the multiple design needs and the multiple roles applicable to a specific design stage
into account. By designing prototypes to meet as many needs as possible, reducing
the costs and time requirements as compared to building multiple prototypes of a
single solution. Aaron Arvia and Andrew Brown of Electrolux both recommended
building prototypes that are as sophisticated as possible to increase the amount of
information that can be learned from testing. This could help mitigate one of the
concerns expressed in design texts about the costs of prototyping in conceptual design.
By following a set of guidelines for a divergent phase, the prototyping process could
be made more efficient.
In addition, designing a prototype to specifically fill one design need may limit
its usefulness later on in the design process. There may be unknown characteristics
that were not initially considered important, but become critical as the design process
progresses. By using a more general classification, prototypes could be developed that
simultaneously fulfill more of the needs associated with a particular design stage.
This research question is addressed with combined information from the case
study and protocol study. Evidence from both studies is cited in support of the
different activities. Prototyping examples from the case study show how engineers
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have successfully used prototypes to explore a design space and quickly iterate on
design concepts through fast prototyping and testing. Additionally, the protocol
study data suggests that designers were able to draw inspiration from interactions
with different tools and products that influence the design concepts that were created.
Divergent design phases are characterized as stages of the design process where
the goal is to explore a design space and maintain a “big-picture” view of the design
problem. Conversely, the the convergent design phases are focused on defining details
and establishing hard facts [23, 28, 10, 6]. The following activities have been identified
in the case or protocol studies as potential divergent stage prototyping activities.
Low-Fidelity Prototyping By building extremely quick and inexpensive proto-
types, designers can quickly evaluate ideas and even learn just through the
process of building the prototype. See Section 2.2.3.
Parallel Prototyping Building a large array of different prototypes to explore a
design space at one time can highlight unexpected trends or phenomena. See
Section 2.1.3.
Intra-Domain Prototyping Interacting with a wide array of products from other
domains can help designers can can draw analogies to their own design problem.
See Section 5.6.
Products as Materials Prototypes can be quickly constructed by salvaging tools
and other products. This allows a designer to focus on the functionality provided
by the products rather than focusing on work required in fabrication of new
parts. See Section 5.7.
Although this research focuses on conceptual design which is more likely to
coincide with a divergent phase of the design process, the following activities have
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been found to support convergent design phases:
Prototyping the Problem By building a prototype of a problem or trying to repli-
cate a problem in a product or process, the designer can learn valuable infor-
mation to help them begin to generate solutions. See Section 2.2.3.
Prototype Testing Prototype testing provides designers with the information needed
to make decisions, select between concepts, and refine solutions. See Sec-
tions 2.1.3 and 2.2.3.
Prototype for Communication Prototypes that aid communication can help con-
vey information to parties that must make decisions or provide input to the
design process. The prototypes may also be used to convey unclear information
to the design that is doing the prototyping. See Section 2.1.3.
Prototype for Process Development Prototyping a manufacturing process can
allow designers to refine a product and associated processes in parallel. See
Section 2.1.3.
6.2 Additional Contributions
In addition to addressing the individual research questions, several contribu-
tions were made throughout the process of conducting the research. The contributions
made during this research are:
• The domain of research has been expanded to include prototyping processes,
building on previous research that has focused on classifying and describing the
prototypes themselves.
102
• A new protocol study method was developed to study prototyping activities.
This non-verbal protocol study method can be used in future work to study
processes where a speak aloud protocol or group activities may be too intrusive
or affect the research outcomes.
• The concept of divergent and convergent prototyping activity classification is
proposed. This classification allows guidelines to be developed that can en-
compass multiple prototype roles simultaneously, allowing designers to be more
efficient in their prototyping processes.
• A Matlab script was developed to search through the protocol study data and
identify pre-defined patterns. This script uses regular expressions so that the
search criteria can handle conditional statements or ignore certain action codes
for example. The found patterns are then represented as time-series objects so
that the events of interest can be studied over time. This script can also be
adapted and applied to other protocol studies.
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Chapter 7
Future Work
This thesis presents several contributions on the topic of prototyping during
conceptual design and the study of prototyping processes. This work is primarily
exploratory in nature, but builds upon the work of previous researchers that have
studied prototype characteristics, prototype roles, and their effects on the outcome
of the design process. However, there is still more to be done in understanding
how prototypes can be most effectively used during conceptual design. This chapter
presents several next-steps that can be taken to improve the protocol study method
presented in Chapter 3 as well as ways to apply the method to answer new research
questions.
7.1 Physical Interactions Protocol Refinement
As a result of the inter-rater agreement calculations discussed in Section 4.1
and observations made during the encoding of video data, a set of coding scheme
revisions are recommended.
Part Size It is difficult to see what participants are doing with small parts. A speak
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aloud protocol was avoided in this study to limit the amount of interruptions
caused by researchers during the experiment. Selection of parts obove a specified
minimum size along with better video recording equipment will help reduce
ambiguity in the video encoding procedure.
Sketching and Writing It was difficult to determine the difference between sketch-
ing and writing on paper (the white board was easier). This could be fixed with
better supplies or cameras.
Pauses Participants moving around the room were usually classified as pauses. This
may hide something as walking with intention would be different than sitting
and thinking without doing anything else.
Time Resolution In the current protocol, actions defined as “other actions” are
treated slightly differently than building or handling actions. This is due to
the focus of this research on interactions with physical objects and prototyping.
Less information was recorded regarding sketching and writing actions. The
time resolution of all actions should be re-evaluated.
Building with Tools Each participant spent time interacting with the provided
tools and would make assemblies with things like clamps and magnets. With
the current protocol, these interactions are not coded as building actions. If
it is important that these types of actions be coded as building actions, those
definitions may need to be revised.
In addition, several suggestions regarding the experiment setup itself are also
presented.
• Make sure all writing surfaces are clearly visible in video.
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• Use highest resolution video as possible.
• Set up the workspace to minimize movement of the participants. This limits
that amount of area that needs to be covered by the cameras and would help
to eliminate pauses where the participant is walking from one place to another.
These periods of walking introduce pauses in the coding that might not other-
wise be there.
• Several items provided to the participants were small enough to be held in the
participants hand and blocked from view by the participants fingers. Without
something like a speak-aloud protocol, it is difficult to determine what exactly
the participant is doing in this situation. Limiting the size of components could
help mitigate this issue.
7.2 Design for Behavior in Experiment Design
One of the issues that arose in the development of the protocol study is the
reduction in ambiguity. By making participants actions more obvious, it would be
easier for the raters to record the correct action. One way to address this issue is
by carefully designing the participants’ instructions and the environment. However,
creating an environment that is too unnatural could pose problems as the researchers
could unintentionally influence the outcome of the experiment [57].
The area of design for behavior or design with intent is where a designer
attempts to influence the actions of a product’s user through design of product char-
acteristics [58, 59]. For example, the shape a door handle can indicate to the user
whether the door should be pushed or pulled.
This design method could be applied to the design of protocol and user studies
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in design research. To correctly impliment design for behavior in design research,
studies must be done to show that participants’ behavior can be guided in such a
way to make limit and clarify the data collected without influencing the experiment
outcome. From this, a new research question can be formed:
Can design for behavior be used to improve experiment design while not
affecting research outcomes?
7.3 Exapanding Prototyping Research
As discussed in Chapter 1, the majority of the research dealing with proto-
typing has focused on the characteristics of the prototypes themselves. Additionally,
some effort has been put into relating these characteristics to the outcomes of the
design process. With the work presented in this thesis, the domain of prototyping is
exanded to include the processes of building and interacting with prototypes. The
non-verbal protocol study method presented in Chapter 3 can be used in conjunction
with the results of previous researchers. Several research possibilities are:
• Does the length of time spent interacting with a representation affect the amount
of information extracted?
• How do different media affect the fluency in constructing new design represen-
tations?
• In regards to characteristics: What prototype characteristics are best suited for
divergent design phases? For convergent design phases?
• Is it better to build a more expensive, higher fidelity prototype that meets multiple
design needs or to build multiple lower-fidelity prototypes to meet each need
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individually?
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Appendix A Case Study: Interview Transcripts
A.1 Paul Kelly, Electrolux
TH: The goal of the research I’m doing is to try to understand the value of prototyping
in the design process, as far as what factors in the prototyping process affect that
value. So, most of my questions are going to be about discussing specific projects if
we can and try and study those a little bit and then hopefully from that we can draw
some insights and find patterns and stuff. So, you said that you’ve been in product
development for a while, so what is your role..
PK: ...probably about 24 years
TH: 24 Years? Okay, so what is your role within Electrolux and the group that you
work in.
PK: my role just changed a couple weeks ago, I had responsibilities in product devel-
opment and part of advanced development or innovation. So I led the bottom mount
platform for about a year, and prior to that I was over side-by-sides for the globe,
for all side-by-sides across the globe and prior to that I was over the majority of
the research and development (prior to development group) I was over top mounts,
side by sides, under-counter, and I had the electronics. So I had most of product
development. My role now is innovation. I’m responsible for what’s next, you know,
two years and beyond. What are the new exciting features we’re going to bring to
the table and put into a multi-generational product plan and put into a production
time-line and implement. So i bring those new concepts and innovations to that.
TH: So, in general terms, how do you use prototyping in your role, if much at all.
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PK: No, we heavily use prototyping. Prototyping is a very valuable tool in product
development and innovation use, because so many times, you can do so much in terms
of design but there are so many things you can’t see unless you prototype. You’ve
got cad or 3 dimensional modeling capabilities. You can model complex assemblies
with multiple parts... you can only see so much. Prototyping is very key because
it allows you to put it all together and evaluate it as a person, as a cross-functional
team, because it gives you a three dimensional look and a feel of your design. What
happens invariably is that someone puts a model together and it looks good, looks
robust on the system, but when you go to put it together there’s surfaces that you
can’t get a driver in to put a screw in, because you can’t see those relationships until
you actually touch and feel the prototypes. So me and my career, I use prototypes
often and early. What it allows you to do is to evaluate multiple concepts, because
there’s always multiple ways to achieve a goal or a task and I’ve always made a career
of trying to look at multiple solutions and then you can evaluate them. And there’s
tools, you can use some concept selections where you can evaluate concepts, but just
having that prototype in front of a team is huge. Because there’s an adage, ”fail often
and early”. And if you look at a lot of cases from product development, a lot of the
biggest failures have been where people didn’t do the diligence around prototyping
and understanding all the potential failures. Another big tool is DFMEA which is
design failure mode effect analysis. And that you basically look at a concept and you
anticipate all the different ways that this can fail and that helps you with evaluating
the solution.
TH: Okay, so, getting into some specific projects, can you describe one of your more
recent successful prototyping projects if there’s been one that’s been more helpful
than other projects.
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PK: Well, like I said, in all product development, and we do a lot of development
here, we have a lot of projects rolling at any given time, but I’ll take you on a tour a
little bit later, and I’ll show you a little of the rapid prototyping equipment we have
and how we’re using it to evaluate solutions very quickly. but examples of that is
when you’re coming up with these brand new features and technologies, all of them
get prototyped in advance of actually going to release for production for production
tooling. Crisper designs, so you come up with a brand new roller crisper design. Well
do the CAD or the 3D layouts, we’ll go down, and like I said, we’ve got 5 RP machines
downstairs that we can actually create plastic parts and put them together and put
them in an application and evaluate them and look at how those parts interact. So, an
example of where we’ve been successful, prototyping new crisper designs, prototyping
new shelf designs. We’ve had some challenges here with creating new shelf concepts
that are not your traditional shelves. They have multiple functions within the shelf.
Well, you can do those layouts, but you really can’t get a good assessment on how its
going to perform in a real-world condition, so you would put that together, you would
look at slide tolerances You can look at the strength of application in different spots,
and that is another area where we’ve been successful. Where, we’ve put the first one
together and the first thing you want to do is make changes. Before its even built, you
can see where you need to make improvements. A lot of times, where folks don’t take
the time to do the diligence in prototyping, you get down the development process,
you get past the feasibility in terms of, a lot of times they’ll do soft reviews of cad
models, but then you get up against release dates, you put together quick prototypes,
the best you can, and say ”that’ll be fixed when we tool it” and then you get into
a condition where you release and you get your hard tools back and you’re making
real parts and its not an optimal design. So thats why I’ve always preached that the
early prototyping is invaluable. Even to the point where some engineers will just take
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paper and tape and wood and they’ll put together some semblance of what they’re
going to design just to look at it for themselves. So that’s one of the things that I
can give you a lot of examples where we’ve been successful with early prototypes.
But that’s the way we approach our projects. See, we have an environment that
kind of supports that. In previous lives I’ve had, we didn’t have rapid prototyping
equipment. For you to get an FDM or SLS, a rapid plastic part, it might cost you
2000 dollars, well so people think twice about actually creating a prototype because
it costs a fair amount of money. Now we’ve got the access to that equipment so we
make them at will. So we’re designing one day, a part will run over a day and a half,
you go pick it up, you put your stuff together within the week. Now, what would
happen with companies that don’t have that luxury, you design it, you order your
prototypes, those prototypes come back... That’s why you prototype. You wouldn’t
have the luxury, so you’d have to wait two weeks to get your prototype back, in the
meantime you’ve lost time, and it doesn’t work just the way you want it. And what
happens is people don’t order that second set because it costs thousands of dollars.
And then you take a leap of fail with your release and that’s where you get burned.
They’ll do the first prototype, but due to the cost, they won’t do a second prototype.
Where we always prototype to get to a final prototype and then we have basically a
cross functional design review to look at that prototype and involve everybody and
thats what we want to do and then we go forward with our releases.
TH: So, you mentioned the multi-function shelves. What kind of functions would
that have other than just being a shelf.
PK: Well, part of it could be movable, or slide out of the way to allow for tall access.
Part of it could flip up to allow for tall access. Just things like that.
TH: Okay, other than a lack of prototyping, you talked about that in other environ-
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ments and other companies, has there ever been projects where you built prototypes
and they didn’t help the process? Have there been instances where maybe the pro-
totypes havent been successful? Or the process itself hasn’t helped?
PK: No, the process of prototyping helps the effort. It always helps. Because its like
taking a jump shot in basketball, and saying if you’re looking at the basket, does
that help you make the shot? And then you say, ”Ok, I’m going to shoot with my
eyes shut”. So, which one would be better? Youd say, I’d rather be looking at the
basket. Well, I’m going to sit here and say ”I’d rather be building a than not having
a prototype” even if its a mock-up with materials that you’re not going to use on a
production basis. It gives you a look at what you’re going to be doing. It always
helps. Its always beneficial.
TH: Well, what about the cost and the time?
PK: Well, I was going to say, unless the cost, if its going to cost you 800000 dollars to
prototype it, then you’ve got to use prudence with those decisions. Because you don’t
want to come back and say we have to prototype and its 800000 dollars. Then you
have to look at your business planner, your business opportunity because you might
not even make 800000 dollars. Its so costly to prototype that you just go to tooling,
then you just have to do as much safe-guarding as you can with robust design reviews.
Looking it up on the wall, looking at your tolerances and clearances. Involving the
experts in those areas. Where you have maybe you have some materials suppliers,
you involve manufacturing.
TH: You do a lot more engineering.
PK: We do that anyway, but like i said, it always helps to have that prototype unless
it just too costly to do that.
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TH: Okay. You talked about making tape, paper, wood, models. How often is that
done that you know of here at Electrolux. Is that pretty common?
PK: Yeah. Making prototypes very is common. Very Common. As a matter of
fact, we could walk downstairs right now and all the model makers are working on
prototypes. Probably most of the machines are running to make plastic parts.
TH: Are most of the prototypes usually using your rapid prototyping technologies.
PK: And the model makers who can run. That’s on the plastic side. We do have one
machine that’s convertible. And it basically has a powdered metal feature and we
have a heat treat oven so we can actually make metal parts. But we’ve also have a
full fledged model shop off to the side that has a mill, lathe. We have CNC machining
centers that can actually can machine 3D shapes and then we’ve got brake presses
and we’ve got a production laser cutter that can actually burn any shape you want
in metal. So we can do both. We can do plastic and metal rapid prototyping.
TH: Okay. What do you think would be the better fit to making the really low fidelity
prototypes. Making the wooden stuff versus having someone from the model shop
make something. Is there much trade-off there, that you could describe.
PK: Yeah. The more refined the prototype, the better off you are. In the beginning,
we do the crude prototypes, the mock-ups if you will, just for a general understanding.
When you get further into the process, you definitely have more refined prototypes.
That’s why I always use the term ”fail often and early” because you start with a
mock-up and then you quickly refine your prototypes and you come to a solution
very quickly when you do that. So many times, engineers want to engineer it. they
want to draw it out, they’re working with a CAD designer, and their massaging it,
working through it, and you put your first prototype together and it doesn’t work.
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Because you’re like, did you think about this and that and this. And they’re like,
No. Because you know, you’ve got guys with a lot of experiences and been to a lot of
different industries, so you leverage that experience. But so many times, that’s what
happens. That’s why i really push the guys that work for me to prototype very often
and early. Because the first one they put together, before they’re even done with it,
they’re already changing it. So why wait two months down the road, because there’s
one thing you can’t get back in product development, its time. Time is your enemy.
I manage like I have no time. I have a term that I used to right on the board: ”I go
at it like I’m killing snakes” because I push hard. I’m very aggressive and the guys
that work for me push hard and fast. Because they’ve learned that you can’t make
time up. When you commit to a production date, you’ve got to get there fast. So you
prototype as quickly as you can with as many people, you learn. And then you can
evolve, iterate, and then by the time you’re ready to release, you’re normally ahead
of schedule and you’ve got confidence in what you’re releasing.
TH: So, in here, are most of the prototypes up to the designer? Or who makes the
decisions about it? Is it a team decision?
PK: Basically, its the engineer that’s responsible for the part in conjunction with
the team leader. because, we work collectively. You’ve got someone thats ultimately
responsible. You’re responsible for a new handle and you drive the prototype for that
and you’ve got a team leader thats responsible for the overall project and you would
work together in making that happen. But the engineer that’s responsible for that
part drives it, and he works with a designer that designs it. they work together and
it gets prototyped. The engineer uses the designer to model it. He creates the 3D,
but the engineer’s responsible. He reviews it and looks at the material thicknesses
and how it attaches and that’s driven by the engineer working with the designer. The
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engineer says I want to prototype this and then the engineer’s responsible. He works
with the model shop or the supplier or however we’re going to prototype that.
TH: So when you say designer, are you referring to an industrial designer?
PK: Cad designer. Industrial designer is the aesthetic folks that come up with the
look. They’ll come up with a look and they’ll give it to engineering. We work back
and forth, hand in hand, because its got to be capable of being engineered. IDC
and marketing normally come up with a functional spec, like a product spec, and
then engineering comes up with a technical spec to satisfy that. So everybody works
together to get to that point.
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A.2 Aaron Arvia, Electrolux
TH: Can you talk a little bit about your role in the company and how you use
prototyping in general terms.
AA: Sure. Right now Im in advanced development and concept development. A senior
product engineer. I work for Paul and what were trying to do is kind of get a far
front end of the design process, which is concept generation and concept development.
Taking things from idea to reality through feasibility steps. So we work a lot with
marketing and consumer insight folks and other engineers to try to come up with
new ideas, new technologies. Officially, like I said Im a senior product engineer but
my real role is a technology scout. So, Im out there looking for new technologies,
technologies that are used in other industries that maybe we havent used before and
just trying to find new opportunities for technologies in our industry.
TH: Can you describe one of your more successful prototyping process or a prototype
that has been really useful?
AA: Oh, wow.
TH: It might be hard to pick just one...
AA: Its hard to find a prototype thats not useful. You learn something from every
prototype you build, even if its made out of napkins and paper clips. Id say the one
big project, probably 5 or 6 years ago now. But it was a pretty complex mechanical
problem. The first prototype that we built, as soon as we applied, it was a vacuum,
so as soon as we applied a vacuum to it, it more or less crumbled. So we learned
that the models - I wasnt involved in the modeling portion, i came on afterwards- but
the models they used to develop that first design and prototype was a bit lacking.
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So, it wasnt until we got that first prototype and hooked it up and tried it that we
saw some things go really wrong, which led us to the next iteration. Had we not had
prototypes in that project... it would be impossible to do without prototypes. You
cant model everything.
TH: So, can you talk about what project that was that you were working on?
AA: Yeah, I think I can. It was a vacuum chamber. For various reasons, it didnt go
into production, but it wasnt because it didnt mechanically work. We didnt pull a
complete vacuum or anything, or even close. We maybe pulled it down to 2/3rds of
an atmosphere or something like that. Which taking a third of an atmosphere out,
and the size of the thing, you take even that much air out, youre putting about an
800 pound load on the top of the thing. Its about like driving the corner of a car over
it. It stood up to it.
TH: So, was that prototype a complete functional prototype of the design?
AA: The second one was. The first one was a lot of glue, and piecing it all together.
The second one was much more functional. We had the actual pump, the actual
electronics, a solenoid valve on there. Those were all intended to eventually be the
production parts and pieces. But thats not necessarily typical. Normally you go
through two or three iterations of prototypes before you get to that final design.
TH: So thats two or three iterations of lower fidelity prototypes that arent complete?
AA: Sometimes the very first one is literally cutting it out of paper or something just
to get a visual of it. 3D graphics have come a long way, you can see an awful lot on
the screen, but theres still nothing that compares to having that part in your hands.
And Im sure Paul showed you the SLS and stuff, you can actually do some especially
fluid flow stuff with that. Actual testing, qualification testing with the prototype.
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With all the mechanical parts, though that typically doesnt work.
TH: I probably know the answer to this, but has there been a prototyping process
that hasnt helped you in the design process?
AA: I think the biggest problem with a process, any particular process, is not having
enough room in the process for prototyping. You try to run too fast from prototype
A to production version. I wouldnt say that any particular prototype turned out to
be bad or misleading, but that can be a danger. You make a prototype and you think
youre seeing one thing and youre overlooking something else because you cant test all
aspects of it. So it can be dangerous sometimes, prototyping, but only in the sense
that... well, most times youll catch more problems than you will miss. The difference
between having a prototype and not having a prototype- having a prototype, youll
have a much higher likelihood of finding all the problems.
TH: Do you have an example a prototype that was dangerous, where there was
something you missed or something like that?
AA: Theres almost always unintended consequences in almost any design. And until
you get that final tooled version of everything, theres no guarantee that youre going
to find everything. So, as far as examples... almost every change that we do around
here, youre bound to find something that didnt show up in the prototype. But Id say
that’s more an effect of the process than the prototype itself. You missed it because
you were going to fast or you skipped something or were trying to take shortcuts or
whatever. Sometimes you have to do that because of cost, time lines, whatever. You
have to move, but every time you do that, you just introduce more risk that youre
going to miss something. Does that answer your question?
TH: Yeah, I think so.
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AA: More specifically, I cant think of a prototype that missed a lot of... or didnt
reveal a failure. Most of the time going into it, you know the limitations of the
prototype, so youre anticipating the things youre not going to detect.
TH: Okay. In your group, are most of the decisions about prototypes left up to the
engineers that are working on that project? Or who makes the decisions? Is it a
group based decision?
AA: Money talks. The engineers, if we had it our way, wed prototype everything two
gazillion times. But in the business setting, you can never prototype as much as the
engineers would like to. So theres always that trade-off. Historically, we erred on the
side of probably not having enough prototypes. So for whatever reason, management
or whoever says, we dont have the money or the time, youre going to have to make do
with one round or two rounds of prototyping. Its a real phenomenon in the business
world. Id say normally, with the exception of aerospace and automotive, just about
every industry I can think of, they push pretty fast. Probably medical, they have lots
of prototypes too.
TH: As far as the design of the prototype and how it will be prototyped? You know,
are you going to make production ready prototypes or quick and dirty models, is that
pretty much the engineers decision?
AA: Unless it is driving some huge, some ridiculous cost number, then management
will step in and say well, wait a minute, lets think about this is there some other way
we can do it?. So, theyre always going to question it, but at the end of the day, if
the engineer says this is what we really need to understand this thing, I think that
in itself could kill a project.
TH: So, in your experience, what things about a project do you consider when deciding
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how to prototype something. If youre working on some new design, how do you decide
whether to RP it, or have a mold made up for it, or something. How do you make
decisions like that? What types of things do you look for?
AA: A lot of it has to do with environment, the environment that its going to be
subjected to. What environment is it going to be in in reality and can the material
of a rapid prototype, can it tell it what we need to know about that part in that
environment. For instance, a water tube or a water coupling, a lot of times, you
really cant use a rapid prototyping method because its not water tight in most cases.
Although weve found ways to do it, its not an accurate representation of what its
going to see in the real world. So always think about the end use to drive how youre
going to do the prototype and understand how close it is to what its eventually going
to made out of or how its going to be made. Another example might be, it has a
lot do with material, if a plastic part isnt going to be strong enough, I can make the
prototype out of plastic, but I know Im not going to be able to do any mechanical,
real heavy mechanical tests on it because it wont be representative.
TH: So it depends on how youre testing the prototype, affects how you make it?
AA: What you hope to learn from the prototype. If youre trying to learn a lot of
mechanical load stuff, a prototype might not get you there, but a prototype will still
give you information about how to tool it or how parts fit together, or something like
that that you might not catch on the screen.
TH: How would you describe the role of most of the prototypes you make. One
common classification Ive seen in the literature is youve got milestone prototypes
that are basically used when someone says we need a prototype by this date so show
progress on the project. Theres integration prototypes that are more testing the
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manufacturing and assembly processes and how components fit together. And theres
learning and communication prototypes. Learning is youre learning about the design
or physical principles that are working.
AA: Communication is a big piece of it for sure. Engineers can, believe it or not, have
a little more imagination when it comes to prototypes. It may look like Frankenstein
to some outsider, but we understand that if its at an early enough stage, its pretty
rough. This is concept demonstration, not product demonstration. So, lots of stage
gate processes will tell you whats required at each major gate or each major milestone,
and at some point you have to build your prototypes off of production tools or pre-
production tools. You know, sometimes, especially the industrial designers will make
models that arent functional at all, but theyre pretty. So that they can take them to
marketing shows or consumer insight research...
TH: So those are more communication, to communicate the look and feel of it.
AA: Right, from an engineering standpoint often, with a very early design, we have
to be careful what we show and two whom, because they will misinterpret often. And
say Whoa, thats incredibly ugly or that looks really complicated or whatever. Well,
you know its pretty rough. This is just feasibility testing. Proving the science and
technology.
TH: So in those four roles, youd say most of the prototypes that the engineering
department here makes are learning... I guess for testing then maybe milestones and
integration? Paul had showed me the prototyping shop. He said they had a prototype
assembly line down there at one point.
AA: The industrial designers shop was here too. So, they had a paint booth. They
could make it look very very nice. But ours are usually, like I said, educational. Were
123
doing the learning from them more so than the communication. But at some stage,
we usually take it through a couple of learning stages before we even think about
trying to show it to marketing because theyre judging it based on what theyre seeing.
And they cant always un-see things. Once they see it, they get it in their minds that
thats the way it is and its a very tough thing to get it out. So you have to be careful
what you show them and how you show it to them.
TH: Has there been any projects where after building or testing the prototype, the
entire path for the project is altered considerably?
AA: Yeah, that first one that I told you about. That one, we learned a lot from that
first prototype. It was an actual injection molded part. We had to build an injection
mold to make it because it was seeing a vacuum and a lot of the testing we had to
do was structural. So, that first one, we made an injection molded tool. It was a big
one and an expensive one. After that first test, it was pretty much a boat anchor.
We had to buy another quarter million dollar tool. It told us that we werent even in
the ballpark.
TH: Did that lead you to change the design considerably?
AA: Yea. Im trying to think of some other examples of that. Other projects where
the design changed entirely. I guess Ill think about that a little bit. Well go on and
Ill see if I cant think of anything. I guess there was one, we were doing a water
dispenser project and we had a certain new way of routing the tubing and discovered
that through the initial testing that because we didnt have the tubing in the same
sequence as we used to, we had some temperature affected leakage going on. It didnt
change the direction dramatically. It was a we didnt see that one coming type of
thing.
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TH: Is there a standard process for prototyping? When you enter a project, do you
expect to make at least these prototypes or something? Or is it more just when you
identify a need?
AA: You pretty much go into every project expecting to make prototypes. You kinda
have to have some kind of an outline going in because sometime you have to set the
budget for the project. So If you know that youre going to need prototypes to take
to consumer research or to a sale show or something like that, you gotta budget for
it. And we get a pretty good idea what certain types of things are going to cots.
Whether we’re going to prototype it externally or in our shop. Certain stages in
every project, you know there’s going to be some kind of prototype.
TH: But it still depends on the project and changes?
AA: a lot of companies have some kind of a stage gate or some kind of a set program
to follow for every project: these are the things you should be looking for, these are
the things that need to be accomplished by the first gate. This is everything that
needs to be covered, so that you have a pretty good idea coming in of what you’re
going to need and when. But its not really until you start thinking about it that you
identify what those prototypes might look like. Its more obvious for some projects
than others. The project development guys, their prototypes aren’t going to stray
too much from the part they already have. On my side of things though, when we’re
so early, we’re inventing and designing as we go, and learning as we go, so, we kind
of need a bigger budget and little bit longer time-lines. We really sometimes don’t
know what to expect. The other thing is too, the earlier in the project, the more
different ideas you’d like to have prototyped. You know what I mean? You want
parallel paths.
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TH: The more options you have...
AA: You want parallel paths. So, plan on lots of different prototypes early on. One
of our favorite phrases, and I’m sure Paul used this, is Fail early and often. Edison,
his big quote is people said he failed a thousand times to make the light bulb he said
no, I just found a thousand ways to not make the light bulb.
TH:Right, you’re still learning things that are important to the design.
AA: Absolutely.
TH: You said you’re in advanced design, for stuff that’s further down the road. Would
you say that most of your prototypes are in conceptual design, where you’re looking
at the overall concept?
AA: Yea.
TH: So, would you say all of your prototypes are in conceptual design, or do you get
into later production ready design?
AA: I don’t usually take it to that level. Usually, when we’re working on something,
we don’t even have a print when we’re done. We’ll have a solid model, but we
wont have a dimensioned print in most cases. Once we’ve proven feasibility with our
prototype and everything, then we’ll move it into product development and those
guys will detail it and really do all the tolerance stacks and that kind of thing. The
reason I’m in this group is because I don’t like that stuff. I’m not all that good at
it. I don’t like beating a single design down to every single dimension. It drives me
nuts. So I’m more of a concept, top-level guy.
TH: You’ve also discussed the paper and tape and quick mock-ups. How often do
you do stuff like that? Do you have any specific examples you could talk about?
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AA: Sure. I’ve got an example, if somebody hasn’t thrown it away yet.
¡Capacitive prototype information removed¿
AA: These are prototypes that a company made just for demonstration purposes.
They’re a magnet company. But what they do is, they figured out how to change
the polarity of the magnet in very small segments. So, here’s a traditional one, and
you can turn it every orientation and it has pretty much the same strength. So you
can kind of feel that and how strong it is. So now this one, from a certain distance
it repels, but if I move it closer [magnets attract and move together]. These simple
prototypes can demonstrate what the thing is trying to do for you. Our coolest one
is so cool that our VP stole it from me because he thought it was cool and wanted
it. So, you can try this. You can kind of feel it repel then in order to get it to line
you, [you have to stabilize it]. Now, this one, you try to straight pull, and its really
strong. Probably stronger than the conventional. But you give it just the slightest
twist, and it just pops straight out. Now, what we would do is talk to this company
and say wow, this is pretty cool. I can think of a few applications where this would
be pretty handy. I would talk it over with them and say, this is what we’re trying to
do, How would you recommend going about it? And we’d talk to them and between
us, we show them our parts, and they’d show us their stuff, and between us we’d try
to make a prototype that performs the function we’re trying to get out of it. So, a lot
of times, especially these days, it coordination with outside parties. Which is where
a lot of communication comes in. We often don’t meet these guys face to face until,
we might not meet them until they deliver a prototype.
TH: That is all of the formal question I had prepared.
AA: I’d say in general, the general take away is prototypes are incredibly important.
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You learn something from even the simplest prototypes. You always have to balance
cost. Even the companies with seemingly unlimited funds, which we’re not one of
them. But even they have to be somewhat selective about what they prototype,
because you never have infinite money or time. So, its always a trade-off.
TH: You talk about balancing the cost, is that sort of a driver for building more of
these little simple prototypes and stuff?
AA: In my opinion, yes. How can we learn as quickly and inexpensively as possible.
So if I can find a way to make a meaningful prototype simply, that’s certainly advan-
tageous. Normally, that’s just a proof of concept to yourself, understanding a little bit
better, to help guide the real prototypes. A lot of engineers are famous for thinking
that they already know how they’re going to solve the problem and jump right in.
Saying I can do this, I know exactly how I’m going to do this. Well, prototypes can
be humbling. The first time you play with it you realize Oh, I didn’t see that coming.
I have to rethink it.
TH: So, do you have a good example of a time when the prototype, or building or
testing a prototype changed your understanding of the fundamental problem that you
were working on?
AA: Absolutely. We’ll go back to that vacuum one again. When they built the
first crude prototypes out of basically gluing walls together out of acrylic to make a
box. Going from that to an actual tooled part. The temperature behavior was very
different inside that than later prototypes. Actually certain members of the team
knew that. Other members weren’t so sure. But it was pretty clear that that design
in that location is going to give you one result. We saw that it worked, but when
we changed the design and took it to the next level, it changed the aspects of the
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performance that we didn’t see coming. So, the food preservation results weren’t
exactly what we expected. But once we dove into it, we started to understand why.
Look at the temperature behavior in this one compared to the later version. We’ve
got a much tighter temperature curve.... it almost looks like a wave or sine wave as
the temperature fluctuates. So, the flatter the temperature, the closer you can stay
to your set temperature and as you start to deviate from that now the food starts
behaving differently. If it gets too warm, too cold, whatever.
TH: So, how was the temperature controlled inside the box?
AA: Well, at that time, it really wasn’t.
TH: So, the box was just inside the refrigerator, and as the temperature inside the
refrigerator fluctuated, the material of the box allowed different amounts of heat
transfer to occur.
AA: Sure, convective and conductive at the same time. You had to let it soak out.
We call it soaking out. You have to let it cool down to temp, then come to kind of
an equilibrium. Kind of a stable temperature. And the different prototypes will lead
to different behaviors if you’re using different materials, totally different designs. So,
when we took it to testing, we learned more things about the behavior and realized
that some of the variables were more important than we originally thought. The first
prototype only fit in one spot and that’s where it was tested. When you design it
and put it in the spot where it was actually intended to go, the temperature profile
changes. So, its a little bit subtle, but its real. I always go back to that one, because
that’s probably the deepest project I’ve ever done or led. Its probably the only one
I can tell you about. We’ve got more, they’re all under way right now. And we’ve
learned a lot from those prototypes. Just our own little Frankensteins that we’ve
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learned a lot from. And its really kind of steered us in certain directions. So, you
might go into crisper design, where you’re putting fruits and vegetables. You might
go in there with this one technique in mind, and then redesign it for one reason gives
you results that make you say hey, maybe we should be going in that direction. I just
can’t give you enough about that to make it make any sense.
People often build prototypes to troubleshoot. Lets say we have a problem where
something is breaking or misbehaving and we don’t understand why. Maybe the first
thing you need to do is take it out of the fridge and set it up in a way that you can
study it a little better. I’ve had to do that on several occasions. Build a little stand
or a test rig and try to match as many physical characteristics best I can to how its
in the fridge, but bring it out in the open where I can see it and really play with it.
One example of that was a water run-on problem. They changed the arrangement of
the tubing and where the filter was and all that in a new model, thinking that they
weren’t changing much but it caused some problems and they were trying to figure
out why. So, they gave it too me and I went out and pieced it together and played
with it a few times and quickly learned why they were seeing the problem they were
seeing. But it took that building and experimenting and watching.
TH: So, was that done on an existing product?
AA: Yeah, that was already launched or ready to launch. And then you see a problem
they were saying man, we gotta get to the bottom of this. So, that was one of those
where it wasn’t a planned prototype, it wasn’t part of the qualification. It was going
backwards. It was, hey, we have a problem that we have to figure out and prototyping
still came into play.
TH: So, that’s different from your usual design, and trying to develop a design,
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prototypes. Okay.
AA: Another one, this was one of my favorites. We had a design where we took our
coiled water tube tank, and we’d always had it in a pretty tight roll in a certain
location in the door in a certain part of the system. So it was always between two
valves. So, 50 to 100 feet of tubing that was cut off on both ends with a solenoid
valve. They had a design going into a new model where it was more of a pancake
design so it was more a racetrack where to tube was laying directly on top of the
tube before it. It came out to be this flat, spiral piece... and foamed that into the
door, and it was after the last valve. So, the whole tube was full and the only thing
that prevents water from coming out at that point was the last valve. So its almost
like the water hose at your house outside. Once you fill up the hose... it doesn’t keep
draining because there’s nothing to replace it from the backside. So, when you go to
turn the hose on again, the water comes out immediately because the water is right
there at the end of the hose. So, what was happening is, when you first put the fridge
in, you have to flush a certain amount of water through it to get all the air out of
the system, flush the filter, and do all that. And what they were seeing is that after
they did that and they shut the dispenser off, it would sit there and over the next
couple of hours it would drip. They thought it was something, and put a solution in
place that didn’t end up solving the problem. So again, they said, hey help us figure
this out. Ok, so lets take one of those out, and I put it on a board, built up my own
little rig and started playing with it and then we thought that is was an air problem,
that air was getting in the end of the tube and allowing the water to escape. This
prototype prove that that wasn’t the case. So, what could be happening? Well, what
it was and what we ended up proving is that when you first put the unit in, its warm.
So you fill the tube full of water and then shut off the dispenser and walk away from
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the unit and it continues to drip. What it’s doing is it’s cooling down.
TH: So, the tubing was contracting and forcing the water out?
AA: That’s exactly what it was doing. So, 100 or 75 feet of tubing, when it changes
temperature, just that thermal contraction was enough to squeeze some water out
and nobody believed me, that that was possible until I demonstrated it with that
rig. I said look, take warm tube, fill it, mark the water line, stick it in a cold room
for a couple hours and mark the new water line. And it was every bit of 10 inches
difference. It was pretty much unanimous that I wouldn’t have believed it had I not
seen it. It had that big of an effect. It was another case where the prototyping proved
it. It wasn’t a prototype in the sense that I was doing something new, it was a test rig
to demonstrate what was going on and figure out what was going on. It was another
one of those kind of never would have thought.
AA: After reading that book, the art of innovation, you can see how quickly they can
make a full system prototype. The shopping cart example. thats just awesome.
TH: Yeah, its kind of the goal of this research, i think. To help show the value of
prototyping. I think the culture here kind of understands that but a lot of places...
AA: I dont want to be too misleading, because youve only talked to engineers.
TH: Thats true.
AA: There are guys, like the purchasing department, or our tooling engineer who
throws a fit when we talk about building a prototype tool. When hes looking at his
cost sheet, the more tools you make, the more money hes spending. So its his goal
to make as few prototypes as possible. Whereas, if we could save ourselves some real
headache down the line if we make an aluminum tool, he sees it as thats 15,000, at
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least 15,000 dollars that I really dont want to spend; so get it right the first time.
And hes not afraid to tell us that. No, Im not building a prototype tool for that.
Make do with what you got. So, there are certain folks that absolutely do not want...
and with our tight schedules, we usually tend to not make enough prototypes. We
dont give ourselves enough time to make prototypes. So, its heavily dependent on
the attitude of the leadership.
TH: How many, do you think would be enough - prototypes?
AA: Theres no number.
TH: It depends on the project?
AA: Yeah, it totally varies by project. One of the things that you do is... Im sure some
of your classes talked about failure mode effects analysis. Design FMEA or process
FMEA. Thats one way to try to identify all of the things that could go wrong. All
the things that you have to design for. Some cases, it could be very simple. Make one
prototype, do all your testing and say were good to go. Other cases, you need three
rounds because you have all this different testing to do, its a very complex part. Ill
give you an example. I interviewed with Delphi when I was graduating from college.
I went and visited their offices. This was probably in 1999 and went to one of their
facilities and they had a vehicle, a pickup truck that had quadra-steering. All four
tires, you could steer. Here it was 1999, they had a full vehicle built already and he
told me that it wasnt slated for production until 2003. So, just to get to that point,
here they are four years ahead of time and theyve already gotten a vehicle - how many
years did they spend on it before I saw it? Probably at least 3 to 4 years. Making
different prototypes. Depending on the industry and the project and the complexity,
you could have hundreds of prototypes. Theres no way to pin a number on it. The
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goal is: this is the way it has to perform, these are the tests we think were going to
have to do eventually. Let that guide your prototyping.
TH: Do you think that a lot of times, you build one prototype and then you see oh
wait, we need to build another prototype focusing on this aspect...?
AA: Yeah, that happens almost every time. You build one prototype and just end
up... but, if you leave it up to the engineers, we would build hundreds of prototypes.
Well learn something from each one and never quite convinced that its perfect. It can
always be improved somehow. You gotta find that balance and thats just as much
the job of the engineer - its to find that balance to say alright, this is good.
TH: based on the requirements?
AA: Yea. I wish I had more concrete examples that I could give you but... The
more prototypes, the better. And closer to the real life application, the better. You
can never account for every variable. You can never account for mistreatment of the
product. Engineers will always say this is how people use it, this is how its intended
to be used. We need to test that it works for the intended use. Well, what you dont
always think about is how are people going to misuse it? And if they misuse it, how
is it going to break? And if it breaks, make sure it isnt going to hurt somebody.
TH: Okay. You talk about balancing the cost and then also you say that closer to real
life, the better - how do you make that balance when youre deciding how to prototype
something?
AA: Its a case-by-case- every case you look at your design intent, you look at the
budget for the project, or just your expense budget. Because usually, that far ahead...
Im going to go off on a little tangent here. From the finance world, theres two ways
that you can categorize the tax money that youre spending. One is an expense, the
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other is capital. So if youre spending capital, your buying capital equipment. Its
going to depreciate and you tax it accordingly. Whereas expense, you use it and you
lose it. You cant depreciate it, that money is gone forever. So, its ruled based on
tax law, what you can capitalize and what you cant. So if its part of a production
development, and its a production tool, its a capital asset. A machine tool, even an
engineering resource to work on that design. You can capitalize that. Far enough up
front though, when youre just building prototypes for testing or whatever. You cant
capitalize any of that. Its straight expense. So you usually want to try to capitalize
as much as you can because of the tax benefit. So, one of the considerations is what is
our expense budget and whats our capital budget. Or, when we lay out the project,
wed say hey, if we do all the prototypes we want to do, this will be our expense and
as we learn we can better nail down the capital and the production budget.
TH: So, thinking again about your capacitive sensor prototype - that is very rooted
in the conceptual stage. So, in those stages, in early conceptual design, are you still
worried about trying to make it as close to real life?
AA: Now, the farther away you are from production, the less you have to worry
about it, but youre always thinking about how its going to be used. So, the more
sophisticated your prototypes get, the more real world stuff you can test with it. I
guess thats kind of a good general rule.
TH: So, with the capacitive sensors, youre more testing the principles and the func-
tions.
AA: Right, will it have any hope of working.
TH: So, youre not testing a product necessarily.
AA: Yeah, I know I want to put in this sensor, but thats pretty much the extent
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of it at that stage. So, then you start thinking about things like, its not capable of
being tuned well enough to be able to distinguish between this position and a position
one inch away. Not, sensitive enough for that. And for that case, that means that
if I walk by the fridge, I could trigger the sensor, and you know right away that
that is not going to be acceptable. So now, is that because of the way I built this
particular prototype or is it a consequence of the technology itself. So, that will drive
you to maybe another prototype with a little bit better electronics, a little bit better
mechanical arrangement. And then you can test it again to say was it because of my
prototype or because of the science. So, you build that second one and prove that its
just the way that this particular technology is and theres not a whole lot we can do
about it, therefore...
TH: So, that constrains your application.
AA:Right.
TH: Okay, so its more of a continuum? The closer you get to the launch date, the
more sophisticated your prototypes are?
AA: You always think about it, and you have to have it in your head to guide your
design efforts. But, earlier on, youre more concerned about feasibility. Is it even
close to feasible. And as you start to pick away at it, eliminate variables, learn about
science. You say, Ok, this is starting to look like it may be possible. And then
you learn about some thing that they do on the production floor or something the
customer does that you didnt account for, you want to try learn that as early as
possible, but thats not always possible.
TH: In that book, The Art of Innovation, they talk about building really crude, simple
things early on and then progressing.
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AA: Right, fail early and often.
TH: I think thats something that is sort of lacking in engineering education. The
importance of prototyping.
Discussing AB:
AA: Hes a very clever mechanical guy. Hes done a lot of, especially in the last few
years, done a lot of different prototypes and designs. Hes kind of a prototype and
design guru.
TH: Does Andrew work in this same group?
AA: He would be a great candidate for it. I would love for him to be in our group.
Right now he is the manager of our cabinet and door group. The way weve organized
it is weve got architectures or product lines like bottom mount, top mount, side-by-
sides, and theres a manager over each of those products. And there are engineering
groups that are build more on the, I guess we break it down by system. Theres a
group of engineers that does the refrigeration systems. theres a group that does cabs
and doors. Theres a group that does interiors. And theres the ice and water group.
So the stuff that theyre working on could go in any of the architectures. One of the
guys I was hoping you could talk to is in charge of the side-by-side group. Hes got the
responsibility of the different models, and to make sure marketing gets what theyre
looking for, just within side-by-sides. So, he has to work with all the engineering
groups to paste things together. Its kind of new within our organization. But Andrew
is in charge of the doors and cabs. He was very involved in the development of the
bottom mounts. Hes very involved in prototyping.
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A.3 Andrew Brown, Electrolux
TH: Aaron was telling me that youre the manager of the cabinet and doors group.
AB: Yup.
TH: Can you tell me a little bit about you use prototyping in your job and your
group.
AB: The group is relatively new. We have a little bit different organization where were
separated by project teams and were given a specific project and we work together
as a group. Various pieces of the cabinet and doors are very capital intensive. Its not
like this plastic piece here where we have a piece that snaps onto another piece. The
cabs and doors are kind of the foundation of the entire product that we have here.
And, the equipment to make these are very expensive and very long lead times. so,
anything that we can do, rapid prototype, so that we can learn and fail quickly here.
When we do release tooling we have that added confidence that it is going to produce
what we have designed. Weve even moved, I may be getting ahead of you here. I
started here about 5 years ago and we had something called FDM. Which is a little
different than this, we have here its SLS. Its a little rougher and the resolution levels
are different. Its really fragile, and I think the start of this rapid prototyping was
just to be able to have tactile models. With FDM we started getting into, now we
can actually use these things to mimic designs and if we had the actual strength we
could actually use some of the parts. And now with the SLS, with this nylon sintered
stuff, we can actually use these parts and test them, test the performance of them.
So, youre getting into things like living hinges and snap fits. Where, with the FDMs
we werent able to do this and if you tried to do this on an FDM it would just snap
off. [shows example SLS part from box on table]
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TH: In your experience, I know the group youre in now, but maybe in wherever you
were before that, has there been an example of a project where prototyping was more
important for the success of the project? If so, what kind of project was that? Could
you describe it a little bit.
AB: Specific examples of how prototyping helped?
TH: Yeah, at least just one that sticks out as being more important if you can discuss
it.
AB: Sure, we use anchors that anchor into the foam of the cabinet to support various
structures within the cabinet. In one instance we used a rapid prototyped anchor to
test the amount of surface area in contact with the foam. And we were trying to find
the optimal point where we had enough surface area with the foam to support the
structure at a limited height so that we could actually get it into the cabinet. So we
have a limited opening in which to push this liner into the cabinet before its foamed.
So we needed to make it fit the opening so that we could install it into the template,
but also have enough structure in there, enough surface on this specific anchor to
grab enough foam to actually hold the structure once the foam was in place. So, we
used it to optimize the design before we tooled it.
TH: So, you made prototypes - did you test them?
AB: We actually foamed them in place, and we mounted the components to them,
and we loaded them up. We cantilevered a load off of them.
TH: So, it was a cantilevered load on them?
AB: Mmhm.
TH: What kind of phase of engineering design/development cycle would you say, it
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sounds more kind of like embodiment or detail design. You know how you want to
the design to be and youre just refining it?
AB: Not necessarily. Some of that is refinement when we know we basically want to
have this and theres a specific part of it, like we know what this structure is and this
is proven out. But now were to the point where were making several iterations of
this living hinge to see whats the worth of this. So maybe this first one we did snaps
at this point, we make some refinements and now it snaps at this point. And now
we want to get it to all the way over. So this would be like the refining portion. Me
personally, Ill sketch something out, I’ll try to get it from my head onto my paper,
and from paper onto a solid model. At the point where I cant learn any more from
the solid model and I need to actually build something, and interface parts with it.
Touch it and feel it, feel how its going to actually be in reality. Thats when Ill build
a rapid prototype. And right now, we have a luxury here in that we have a very
good prototyping facility and what it does is it helps us move very very quickly. We
can fail very quickly. So with rapid prototyping we can have 10 iterations in a week.
And if its something thats not super critical, like not tied to 3 million dollar tooling,
then for something like that where we cant rapid prototype or something, we would
default to simulation. So well do a lot of FEA and stuff early on. Well kind of use
the simulation to guide our design. But at some point you need it very very quickly
and its not a critical part and you can learn a lot by having a physical part, thats
when we go to a rapid prototype. Wed say heres the design, get it rapid prototyped,
and get it evaluated this living hinge very quickly. It works, it doesnt work. You do
this, and we can have something very very quickly. Within a week, we can prototype
an entire design.
TH: So, with that in mind, with the anchor example, you were at that point just
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iterating, finding the best version of it, or did you have a design you intended to use
and you were just testing that design.
AB: I think we the anchor, we had the design that we intended to use. So, we had
a number in mind based on theoretical calculations of how much weight this thing
would support with the amount of surface area of the foam. The foam that we used
has a certain strength, but the same strength in every direction. So, it depends on
the surface area of the part. So, what we did is, its a plastic anchor. The front side
looks like this, it has a mounting boss and screws, the back side, the foam side, had
a bunch of what we call honeycombs. So we try to maximize the amount of surface
area on here that the foam can potentially grip to. So, we had done some calculations
of how much surface area we needed to support this load. We made a design with
that surface area, with a safety factor. We wanted to prove that out. At the time,
we didnt have any real good in depth FEA. We had kind of a seat of the pants kind
of sanity check style FEA, but nothing really intense to tell us that our design was
correct. We didnt have a complete loop to say that our simulation was going to do
anything. So, we tested it, this was an FDM. We foamed it in place and evaluated
it that way. At that point we took that data and said our design is valid for this
and had it prototype tooled and tested it again and matched that against our FDM.
At that point, some of the stuff we started doing applicable to anchors. We started
taking notes on the difference between and ABS injection molded parts and the ABS
FDM parts, what the differences were. Some of the stuff was very apparent, because
its built in layers versus injected in in one shot. We know where the weak points are
going to be. But we did correlate prototype parts versus ABS parts and kind of used
that as a correction factor going forward with anchors.
TH: So that not only helped out one design, but all the designs from there on out.
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AB: Right, any anchors that were tried, we had, ok, the FDM failed at this point, we
have this factor, we can expect that the tooled ABS part should be able to withstand
this. And the other part, with the FDM specifically, and to an extent, any part
is going to be different than a tooled part. For instance, build direction matters -
especially with FDM.
TH: The orientation of the layers within the part?
AB: So if you know youre going to be stressing in in a certain way, you dont want
to build it that way. And some of the other stuff, you have to isolate what you want
to study, especially when its going to be a functional part. You may need to beef up
certain walls, because you cant exactly make the injection molded design. You have
to beef up bosses, you have to beef up wall thicknesses and that. Because you know
youre going to be using a prototype part.
TH: Can you think of an example of a time when the prototyping process within the
project wasnt helpful?
AB: Yea, and for the same reason that I tell you that its helpful. Because sometimes
you can get a false confidence. This part is not going to be the same as the injection
molded part. Thats when you have to rely upon expertise and experience and tell
your brain not to trust the prototype part. A lot of prototype parts can vary in
dimensional stability, and build accuracy. So you need to take that into account too.
Im trying to think of a specific example where we were kind of fooled by it. Any
living hinges or parts that youre depending upon to spring - so, like snap clips or
things like that. The tooled part may behave differently. If youre expecting this to
hold this tube with a certain pressure, and it works great in the FDM, but when you
get the actual part, it kinks the part. So, then you have to tweak it out. All-in-all,
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its way better than flying blind. When I first started out of school. We didnt really
have rapid prototyping. The prototyping that we did have was extremely expensive
and the models you got were extremely fragile. And its more used for conceptual
models from industrial design. I remember, we were releasing a piece of tooling, it
was an injection molded cover. It became a job where we typically didnt buy capital
tools - everything was hand-built, hand welded, because we didnt have to incur the
capital cost. But for this particular part, because it was injection molded, we could
get a nice contour and add modern look to it. They had spent 60k dollars. Three
engineers spend three or four weeks, validating that it was exactly the way we wanted
it. Checking and double checking and triple checking, whereas if we had the access
to a good dimensionally stable, dimensionally accurate, robust part, maybe we could
have cut a week out of it. And I remember buying my first tool - it was a 31k dollar
die cast tool. And I was freaking out, I spend 6 weeks making sure everything was
right. This particular one wasnt so much mating parts, but it was a caster with a
split ring that expanding ring that you had to push up into a tapered hole. And
getting that taper right was a lot of calculations and simulations on the cad modeling
program, getting things machined and testing the fit of that. Whereas if I had just
got an SLS of that section, I could have verified the gaps and could have saved a lot
of time.
TH: Along those same lines, when it is misleading - you cant really think of any
specific examples for that?
AB: Lets come back to that. Let me think about it. There are instances, jog my
memory though.
TH: Okay, so, in the group here, where you are now, or in your previous experience,
how have the decisions about prototypes been made? Is it a team decision? Is it left
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up to the designer? Or is it specified by whoever is in charge of the project that we
need these prototypes at these times? How is that handled?
AB: As far as making the decision on if the prototype is any good?
TH: Or, more about the prototyping process? What to prototype, when to prototype?
How to build it?
AB: Its a little bit of both? I have some experienced people on my team and some
greener people on my team. So, not to be wasteful, but when in doubt, if you need to
make a decision whether or not to go through with something, just get a prototype.
Its a day, day and a half before you can actually have a decision. Now, when we
have these concept reviews, typically we will go through a concept review before we
prototype something, and we use the prototypes to lead up to a design review. Now,
in a design review, you not only have the model, but you typically have a lot of
measurements, some performance test data that youve taken, and a physical model,
of at least the design youre doing plus the assembly parts. So, typically following the
concept reviews is when we do a rapid prototype.
TH: And then also, just as needed by the engineer?
AB: If its a quick thing. Say its a not in the design, but a design support part. I just
ordered a liner tool and these complex curves, I cant really measure it with calipers
or micrometers. I need a gauge. Very quickly, I can go into cad, get some negatives
off of a liner profile, get some SLS and have them on a thing. Certainly we dont have
a design review for that. Its at the discretion of the engineer. Certainly we dont do
large, big baskets or doors or something like that without a design review because
thats just wasteful.
TH: Is there a standard method or process? I guess weve kind of discussed this a
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little bit, but is there a formal process for whats expected to be prototyped? Youve
mentioned, for the design reviews, but is there any other times that the engineer is
expected to produce a prototype?
AB: Absolutely. We use rapid prototypes a lot for builds. We have 5 or 10 piece
builds. Well make all of the plastic parts, or any small parts, any tooled parts out of
SLS. Obviously, larger things like doors and cabinets, we get done on the equipment.
But there have been some instances where well do entire insides of doors on the SLS.
Ive used that a lot just to support builds. Not just 5 and 10 piece builds, but if theres
a small piece that you cant wait for, for 3 or 4 weeks to get a part, you can build 100
of them in a day and a half.
TH: When you do need to prototype the larger parts? how do you do that? Do you
try to avoid that?
AB: No, some things have to be done. Here, we have machines that are very flexible.
Like a CNC, we can program it to do what you want. We have bending machines.
We have a laser downstairs. I can talk about the laser. This is probably one of the
most useful prototyping tools.
TH: Yeah, i think i saw the laser cutter.
AB: The laser we have is probably considered ancient in the prototyping world, but it
still produces so much for us. We can cut stuff for production parts down there when
they run short on some simple part that is stamped. Some simple part that could
be stamped, but we dont have a stamping die for it or the stamping die goes down.
But, that is a huge help to us when we prototype stuff. we build tools using the laser.
Like I said, gauges, verification gauges, spacers, assembly aids. We can make tons
and tons of things. So, in the instance of a door, we would have the door blank cut
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out on the laser, take the door blanks out to a machine that you can program to bend
just about anything you want. Well get those bent up, well get a door liner made
of SLS. Well glue it together, well drop it into the door. Make the end caps- SLS.
And we may make some structural inserts to support the whole assembly during the
foaming process.
TH: So, thats just a CNC bending machine?
AB: Yeah. There are several different companies out there that do it. This is the
particular machine that we use.
TH: Okay. I was just curious. So, when youre prototyping, what do you think are
the factors that are most important to prototyping. A couple other people Ive talked
to discussed the balance between cost and the usefulness of the prototype. When
youre in a business, you have to balance that. What are some of the aspects of the
prototyping process that you can control, to get the most usefulness out of it, while
balancing the cost and things like that?
AB: I think the biggest usefulness is getting you to the point that you can make a
design decision. Not necessarily like, we absolutely want to go with this specific design
but creating a prototype to say yes, were going to go this design direction.Again,
prototyping is part of the process, and its a tool. Its not the be all end all. When
we go to design reviews, weve got a lot of experience here saying we need to think
about this and this and this. We want to undersize this radius because the gate
is going to be here, and its going to take an injection mold tool, and its going to
sink here. Maybe I can use that to say where Ive been burned. You can design and
build parts, rapid prototypes, that can never, ever be tooled. Because of complex
undercuts, because of sink marks, because you cant put a gate somewhere. You can
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design very thin ribs that are just a nightmare to tool because anytime you have a
thin pocket, or a thin part of the tool, its just going to break off in the tool. You have
design reviews, you have a print review to know what tolerances you need to have
on there, explaining why something is toleranced a certain way. These are typically
this is done with a tooling expert. We have a number of tooling experts in various
injection molding, thermoforming, stamping, these are people that we have this print
reviews with. Once the contract is released to purchase the tools, we have another
tooling review-design review with the vendor and they tell us we cant do this, or we
can do this, or if you move this, that would be good. So, the design is not really
complete - its probably 95% complete by the time the tool is made. Then once you
have a tooled part, youve got to evaluate the T1 samples, youve got to put it into the
assembly parts and make sure everything jives. You may have to adjust other things.
For instance, if we have this piece fitting into a big casting or a stamping tool would
be another good example. Its easier to adjust a plastic injection molded tool than a
stamping tool. The stamping tool is running at higher tolerances or something and we
can adjust this or this part hasnt been built yet, we can adjust that. We can probably
use a rapid prototype to mimic, he we need to change this wall to 50 thousandths
instead of 90 thousandths. Lets prototype it up, put it into the assembly, the mating
assembly and see how it fits in there. A lot of the stuff is judging clearances. Hey, I
think 5 thousandths clearance would feel good. Were kind of down to the subjective
things. Where, lets say a person on the line has to assemble this. The person on the
line might struggle to get this in here, and you say well if we increase this angle here
a little bit, itll be easier to install. So, you could in two days, come back and say, put
it there. Or youre trying to pass it through this here, and its a little too tight. This
is an off-the-shelf item and you have to buy millions and millions of feet to get them
to change it 2 thousandths. Whereas with the mating part, you can say, if we size
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this down another 7 or 10 tenths, we can get this to slide real nice and easy and its
easier to assemble.
TH: Do you have any specific examples of when the RP parts have led you astray?
AB: Yeah, I was using a corner trim. It is a very thin piece of polypropylene. We
rapid prototyped it, there were obviously no sinks. It doesnt show you the sinks. It
builds it exactly the way you model it. After that we had prototyped a prototype
tool that had an injection point at one end of the tool, which made the sink less
on the other end. When we had it actually tooled, they put the injection point on
the other side, which accentuated the sink. So, thats one of those things that rapid
prototyping is not going to show you. So, you need to know by experience or someone
knowledgeable whos guiding you has to tell you.
TH: Okay. How would you describe the purpose of most of your prototypes? Are they
mostly for testing a specific function? Do you build them to test multiple functions?
Or are they as close as possible to the production version of that part? Are they sort
of lower-fidelity?
AB: It depends on the stage that youre in. So, with the lower fidelity stuff, youre
testing a concept. You want to be as dull as possible, because you probably whipped
it up in an hours time and you dont have all those details. You dont have all those
radius-es and drafts put on the part to mimic a tooled part. As the design is refined
youll start adding those details - these are your draft angles, this is where your hinge
points are going to be. You start getting into more mimicking a designed part. These
are the ones that you typically have prototype builds with. So, you want to evaluate
how a real part would be.
TH: Youve talked about prototyping early and failing early, are there any other
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aspects or things that designers and engineers should do so that they get the most
value from the prototype? Do you have any insights or things that youve found in
your experience?
AB: Again, this is back to the things that you cant tool, but you can build. You
can design a part where you can have multiple positions. So, instead of building five
parts of five different diameters, perhaps you have some sort of mechanism in there
where you can vary the diameter. Cams for instance, weve done cams that way. We
have multiple cam lobe profiles on the same part and we just rotate it so you really
have five designs in one.
TH: So, building the things that are hard to make otherwise, and testing them. How
do you decide what to test in the prototype? Ok. Let me step back. Ive youre
building a prototype to test a function, like the corner trim example, you say that
you built the rapid prototype model - was that a prototype of just how it fit into the
other parts in the assembly? What was the purpose of that prototype specifically?
AB: Two purposes- how it fit in the assembly, does it fit? Is it interfering somewhere.
The second part is to show aesthetically what its going to look like. This is an
aesthetic part that needed to be passed off on by marketing. What we didnt want
or necessarily need to learn was how it was installed. This was installed, it was a
very flimsy piece, they stick one side in and bend it about 180 degrees and snap
the other end in. We werent testing that bend because we have a very similar now,
the same thickness of the same material of the same design in that area, where we
know how it flexes. So we werent really looking for that. More on that, as far as
testing. Im thinking of an example where we had a bearing. We couldnt test the
bearing as it was one piece. It was a homogeneous piece, like an SLS, because its not
durable. We wanted to put this on a door cycle test. However, the bottom portion
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where it attached to the hinge was robust enough to hold it. What we did is we rapid
prototyped half the part, just because it would have been too expensive to machine
it or something like that, then we had a machined bearing that we put on top. So,
the top part was a machined part that we stuck on there, but the bottom was all just
rapid prototyped. We could actually test, we werent testing the base or how it fit to
the hinge, we were testing the performance of the bearing.
TH: Okay, so, it sounds like you base your prototyping decisions on what you want
to learn from the prototype.
AB: Mmhmm.
TH: And so, then, that kind of led to why you didnt foresee the sink problem in the
cover trim example.
AB: We werent really looking for the sink because we knew we wouldnt be able to
see it. It was kind of different because thats something you cant see. Im trying to
think of another example of specifically designing... For instance, we have a very
large piece, we dont want to prototype the entire piece, we just need to know what
this section is going to do. Or were changing this section and we want to see how an
interfacing part snaps into it so well just prototype that section. Or if we have a very
big part, like a section of a door, so what we did was bent up some steel and we had
a section of a cabinet and wanted to see how that fit into the cab. We really dont
care about how the entire thing fits into there, thats on the design side, this is just a
concept of heres a better way of bending the sheet metal so that itll snap in easier.
We can prove it out on a small scale and then well go to a large scale.
TH: Is that something you do a lot where youll start with a smaller scale prototype?
AB: Yes.
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TH: Okay. I think that covers most of the more formal questions I have. From what
Ive learned talking to the other guys is that, you prototype a lot on pretty much
everything. Is that true in your group too?
AB: Not everything. Certainly, the interiors group, when theyre dealing with shelves
and trim and everything, they have more components. Id say we use the prototyping
about the same. Its not just the rapid prototypes, its the laser and some of the
machines are adaptable. We use prototyping just to learn very quickly. Theres a
danger in spending too much time on one thing and getting it absolutely perfect from
the onset, then you get way far down the road, youre three months into a design,
then you prototype, and you realize oh man, I have to change my complete design
because of this fatal flaw that we didnt see here.
TH: Then the design change propagates through the other components.
AB:Exactly, all the components that are dependent on this concept - you have to
totally redo everything.
TH: So, youve talked a little bit about the doors and the cabinets - youve talked about
the laser and the bending machines and how you can build the larger prototypes.
Other than them costing more, are there other things you have to consider when
youre building the bigger more expensive prototypes?
AB: Yea, it comes down to time. All you really need is money. Because you can
buy time. Typically, we have to have a balance. We use large capital tools, if we
have a large thermo-form tool, its like a twenty week lead time. If youre launching
in 20 weeks, that tool better be right. So, you do as many checks as you need to do.
You can rapid prototype sections, you can get sections where you graft them onto an
existing part to try to mimic the new one. Typically we dont do large, we dont do
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an entire cabinet out of SLS, well take a piece of a cabinet and modify it.
TH: Yeah, I think I saw someone in the model shop, cutting up cabinets and splicing
them together.
AB: Thats exactly what they were doing. But there will be instances where theyll say
they need a new feature, a new recess or something in the liner. So what theyll do is
take a liner and theyll cut out a shape and theyll rapid prototype another shape and
theyll glue it in there. And that helps us prove out where we need to be. Because you
need to have those liners representative of what youre getting. If you dont do it, and
you didnt think all the way through it. Theres an instance where you thermo-form a
giant liner, and then you cant case it. It fits in the model, but you cant mimic that
assembly relationship in the model very easily. Because things are infinitely rigid and
they dont weigh anything. You have that amount of flex in the cabinet- if you have
an interference, you can push it out of the way and itll snap back into place, or that
liner will move in. Those are the kinds of relationships where you dont know. That
really needs a prototype to mimic the assembly, mimic, the fit, feel, finish, to make
sure that this 200 thousand dollar tool that takes 20 weeks to get here, when it does
get here, its going to work.
TH: Do you do much prototyping with the actual assembly, and the end manufactur-
ing processes? Do you focus on that much with your prototyping? I know there was
a, Paul had said that there was a prototype assembly line downstairs at one point.
Do you guys do much with that?
AB: Yeah, at one point we did. It was called the mock assembly line. It was a scaled
down version of what weve got out in the plan. Its got conveyors and we set up
stations. It was very rudimentary and very flexible. It had a conveyor and it had
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risers so that you could work on systems at the proper height. It would go around,
it had a charging station and it had drops and stuffs. Absolutely. We have a gate
process here where we have certain stage gates of the project. And most of these stage
gates are associated with a stage gate build. So, for instance, our very first build,
we call it CP-0 build. and this is where well build one or two just to verify, can this
concept be done. Whether it be a new system, or a new crisper drawer, or something
like that. Well build this units to evaluate the design, the fit and finish. What do
we need to focus on? Its a huge learning experience to build these things because
you can actually see. Typically, its the engineers are the ones actually putting them
together. And you can actually see where the pitfalls are going to be and you learn
from it and you redesign your parts for the cp-1 build which is proof of design. So, at
this point, your stuff has to go together and has to meet the requirements for fit feel,
finish, and for performance. These would typically be tooled parts for things that we
have to be performance tested like hinges. Some of the aesthetic parts, trims,decals,
badges, even handles sometimes will be of the prototype nature, plastic or whatever.
When we get into cp-2, thats when more tooled parts, that come off of a tool, not
necessarily the vendor thats running the thing for us, but these are all tooled parts
and this is where we verify the manufacturability of the product. Can it be assembled
to the standards at this rate of assembly.
TH: Thats about all I have. Is there anything you want to add about the value of
prototyping your position?
AB: Weve been using it for so long. Right now what were looking forward to is truer
to production and theyve made leaps and bounds even in the last two or three years.
Were always going to complain as engineers that its never good enough. We want it
now, we want it faster, and we want it better. You think where we were ten years
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ago, we didnt have this. And then once we had it, we wanted it faster and we wanted
to the parts to be closer to end production. And it just speeds the process. Less
development time, and it allows you coming in as a recent graduate, if you came in
here, it would take you probably twice as long without rapid prototyping to learn, at
least mechanically whats going to work and whats not going to work. A person 10
years ago could spend a year on the job and learn how to do 3 kinds of parts and find
out what all the pitfalls are, but now with rapid prototyping, you can learn 20 or 30
parts, different processes, materials. It allows you to learn quicker. Which facilitates,
you can have the experience under your belt so you can go through projects quicker
and at a higher confidence level.
TH: I think thats about all I have, if theres nothing else. I appreciate your time.
AB: I was curious about your thesis there. Is the thesis that youre focusing on the
process of prototyping and how it benefits engineering.
TH: Thats kind of the goal. These interviews are actually being used in a class Im
taking as well. Theyre also kind of an exploratory opportunity for me. Im still doing
some background research, some literature review to see whats been done and what
people think about prototyping now. And this case study kind of to help build a
argument for better ways to prototype and how to prototype more efficiently and
things like that.
AB: I was at a company that didnt have rapid prototyping. And, they didnt really
even use rapid prototyping as a service provider, because you can order them from
someone else. I had come from a place where we relied heavily upon rapid prototyping
as a speed to market kind of tool and we had to sell them on getting these two rapid
prototyping machines and not having it to having it was, why didnt we do this sooner
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kind of thing. I think it took people that had used it before to say heres the benefits,
and theyre real benefits, and were not just buying technology for technologys sake
or just because someone else has it. We cant afford not to have it. We want to
have designs very very quickly. We had bought two pieces of equipment. One was
an FDM machine for functional machine. One was a powder machine, it wasnt an
SLS, it used a powder, and then they shot some adhesive on it. You can change the
color and it does different things. So, for one, we were using it for solid models, and
we build scale models of freezers, and we used different color schemes, and they had
these small scale models they could put on their desk and it was nice, you could talk
to them. Again, they were like, this is tremendously useful. Now we can send these
things to different places and marketing people can look at these things. Because a
lot of people dont have access to CAD or dont want to manipulate, or cant visualize
it. But, theyre touching it and seeing it and seeing the colors and the features and
we can make decisions based on that. Another thing we would use them for is scale
models. We would scale down entire refrigerators or lines, and wed build ten or twenty
sets and what they would do is they would take a marker and draw on them, where
they wanted to wiring to be wrapped. And then they would measure those things
and determine their wire harness length. That was another speed to market rather
than waiting 12 weeks and getting your wiring harnesses from china and having 2
inches too short or 2 feet two long, youd actually get a better target. We would keep
building them and keep drawing them out, and they would take pieces of wire and
glue them too the liner.
TH: And then you just scale them up?
AB: Yea.
TH: And where did you say that was?
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AB: I was at Electrolux, and then I left to this place, and then I came back to
Electrolux.
TH: Okay. So, it really helped them with their speed to market.
AB: Yeah, the other things was, their R+D environment was very young. The back-
ground of this company is that they were building a unique product for a long long
time and they were kind of like the king of the heap. They had 90% of the market
share, the design was 40 years old, it was robust and kept working and they didnt
really have any competition. So, why change? Why design anything, well just keep
on building these things. Then they started getting some competition from the Asian
markets. Serious competition from Japan and China and they had to adapt. They
had to redesign this thing and things had changed since the last time they had de-
signed this thing. Everything was bent up sheet metal. Everything was component
parts that you buy. Nothing was tooled. Everything was hand assembled. There
was specific parts for every specific product and every specific line. They didnt com-
bine functions into one part, castings and injection molds or anything like that. So,
anything they needed, they had their own sheet metal shop. They just had it made.
After they started getting into, labor was getting a lot more expensive. You want to
replace 20 sheet metal parts with one injection molded part. Because you have the 20
pieces of sheet metal that the assembler has to put together, plus those 20 individual
pieces of sheet metal that that the sheet metal shop has to build. So, you add up all
that labor, all the steel, the weight, and it makes a lot of sense to start tooling stuff.
And that was one of the big selling things. We cant go into this business blind. We
dont have a tremendous amount of plastic injection molding experience. and anybody
you do hire is going to want that added confidence of being able to build a prototype
to validate the design before you pull the trigger on 200000 dollars worth of tools.
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That was kind of a good selling point there.
TH: That helps a lot I think.
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A.4 Scott Morgan, Michelin
TH: So, I’d like to start out, can you describe a little bit about your role in the
company and how you use prototyping in general?
SM: Sure. As you know, I am in the PE4 -TS group. Well, its got a new name now,
but as you would remember it, when you worked here... Its what it is. Our goal
is to create next generation products in tourism and light trucks. There it is. So,
we’re typically doing work that is anywhere from three to eight years out from market
development. So we’re very much a research group here as opposed to development
groups which you would have like TCAR or the OE group there. So, we do the
initial work starting at the concept level, which may even be up to ten years out, in
which we’re taking a lot more risk, doing a lot of exploratory work. Because, we’re
not close to introducing anything into the market. And then we might find, out of
fifteen different solutions you try, maybe three of those might show some fruit to carry
on. But that’s normal when you’re doing exploratory work in a concept development
mode. Then you might take those three or four elements and you take it to the next
stage that we call belise type work. And that’s probably what you were working
somewhat with Damon on. Although he may have been doing some concept work.
And in that phase, you are typically three to five or six years from market launch at
that point. So you’re taking those most promising ideas and you’re studying them
in more depth. And you’re seeing, ”what are the risks associated with these on a
more detailed level.” Because, as you can imagine, the further you are away from
introducing something to the market, the more risk you can take. And the closer you
get to the market, much less risk.
TH: You have to start getting that out...
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SM: You gotta manage it. You never get rid of your risk, but you’re managing it to a
different level. Its being more refined. So, in doing that, depending on where we are
in that time frame. Before things get to launching commercially a product, we can
take different levels of refinement and risk in the development of the solutions we’re
pursuing. So, we could take some, for example: we might take a look at a sample
in a laboratory machine, in which we’re trying to understand the characteristic of
maybe its stress-strain behavior. So, we would take it and make a sample out of
it. It looks nothing like a tire obviously. You’re doing testing on it, you’re trying
to understand the characteristics of it. Be it material stress-strain curves, fatigue
resistance, resistance to environmental attack or temperature. There’s many different
types of things you could do. In a sense, I would call that a prototypes. It may not
match what you’re thinking of in particular. You may be thinking of something much
closer to the real object, the real tire or like an object. But I could see it answering
the question a multitude of ways.
TH: Right, I would define a physical prototype as any physical model of a design or
a component of the design or anything used to test a function of that design. So, I
would consider your physical testing of the material some form of prototyping.
SM: Ok. So, we’ve got many examples if we go back to that level. And again, I
think I mentioned on the phone, what we’re really trying to manage is resources.
If we had unlimited money and an unlimited time, why would we need prototypes?
We’d just make the end product, put all of your resources in, or just make an infinite
number or study tires with real molds and real materials, processes and all of that.
But the fact is, in any product development, no matter where you are, you have to
make some decisions. What can we accept in terms of refinement of our solution?
How much confidence do we have in our predicted results? That really drives our
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attitude about prototypes in a sense. I can give some examples on that. That’s sort
of our big picture approach to it. We’ve got to get the right information we need at
a given time in the time-line. So, concept phase, we don’t need a lot of detail, we’re
just trying sometimes some crazy ideas. Are they even, do they even match what we
think they’re going to do? If not, then abandon them. Learn from it and move on.
The closer we get to the commercial launch again, that’s when we see some things
that have really born some fruit. And now we need to say, before we put something
like this out on the market, we really have to evaluate it to a large degree.
TH: So, you in your group, you’re that far out concept development and testing.
SM: Our group varies from concept development all the way to belise. I’ve probably
done more work on the belise development myself. So, that would be my role, getting
back to that. It is technical project leader for some of our next generation tire
products coming out. So, we would be developing on the team, new sculptures for
tires and tread patterns. We are introducing new materials. We’re looking at new
construction of the internal components in the tire and the architecture and things
like that. But in our group in particular, we’re working mostly in the summit area.
Which is sculpture design, tread compound development and design, architecture in
the summit area. That’s where we in our group put most of the focus. We’ve got a
sister group, PE4-TCA, which does the architecture. They do more the internal, the
carcass, the endurance aspects. They’re more experts in that area. So, that’s what
we do. And our deliverable, is a package of tuning rules of the new sculpture that we
would hand over to the TOU’s, the development groups, so that at that point they’re
closer to market launch and marketing at that point now has a much clearer view of
what that product needs to be. So, whereas at the beginning of our project in belise
phase or even more so far removed at the beginning of the concept project, marketing
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just has a less refined view at that point, because, literally, they don’t know what the
market is going to do. They have some general ideas what its going to do, but they
don’t know everything at that point. So, our goal is to do exploratory work where we
say, if we’re varying this performance, what’s the trade-off with other performances.
We’re trying to map that domain and understand it so we can hand over a toolbox to
those development groups so that wen they get their marching orders from marketing,
they can then say, ahh, lets start taking these solutions that were developed at the
belise level and start combining them with the rules that the belise team gave to us
in combining technologies to hit a specific point where they want to be. So, that’s
kind of our role in the team. And then, Jeff, is in the same group that I’m in. He
probably gave you a similar description.
TH: Yea. So, can you describe a prototype that has been really successful in your
design process. Has it been really helpful or extra insightful. Something that was
maybe unexpected?
SM: We’ve got so many pertinent examples. I probably need to think about what
would be the best.... To talk about that. The best project... How about if I start
talking about some of the different ideas about prototypes and maybe that will lead
me to a good one. Ok, lets talk about about. Lets go completely upstream. New
material development. We use a small prototype mixing shop here... To make com-
pounds. As opposed to using a big industrial process, they would use like at one of
the mixing plants. What we’re trying to evaluate is a few kgs of material. And, some
of the big mixing processes are processing hundreds of kgs. The scale-up difference
when you go from a small shop to a big shop, you’re getting different amounts of for
example heat distribution throughout the mixture. Different amounts of work, the
mechanical working of the material is different. So, therefore, the product that you’re
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getting out with the same ingredients going in. The conditions in which you think
are operating, really aren’t exactly the same. We know there are differences. Now,
a lot of times, what we’ll do, is if we’re evaluating four of five new compounds and
we only have very limited amount of material, raw material available for any one of
those, we can’t go to the big shops. And we can’t get time on the machines, because
they’re running wide open usually, being used for production. So, we’ll use the small
shop over here. But even if we’re comparing a mix of a compound that’s operating in
industry today. You might be inclined to look at that reference and test it. But we’ll
actually go and remake those reference compounds in the shop as well and hopefully
relatively between your different solutions you’re comparing, you’ll have, you’ll an-
swer the questions that you want to answer. Now, there will most likely be an offset
on all of these absolute compared to what we would expect when we scale that out
to a different case.
TH: So, the effects of the scaling should be similar on each of the different compounds?
SM: Well, we hope so. We hope that the relative comparison between these com-
pounds is representative of what would be in the full scale process. But, in the end if
you’re getting in some new raw materials, different sort of behaviors, you’re putting
different amounts of energy in at the small scale than you would at the large scale.
That could transcend into different physical properties. So, its a risk that we take on
that. But, its a risk that we think is manageable in most cases. And we continue to
ask the questions and look at the results in the end, does it make sense or not. That
would be one example of a prototype. Another one was, the material sampling that I
mentioned with shear samples. You’re getting stress-strain behavior on it and you’re
hoping to generate, you do generate stress-strain curves, or heat curves, or failure
curves of some sort. That you can use in finite element simulation models to be com-
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pared analytically to other materials, just on a curve form. That to me is another
form of prototyping. Another form would be like we have here, with the rapid proto-
typing. Obviously that is not a tire, but its a rapid prototyping machine that would
be used to build up a print if you will, via representation of the tire sculpture. And
that can be very very insightful, to go from something that is pretty good in a model
like Catia, where its a 3d model where you can fly in and get into detail and look
at it from perspective views, local views and global views. But sometimes actually
taking and printing an object like this that you can hold, a tangible object that gives
you insight that you wouldn’t normally gain just from the use of the CAD alone. In
fact, we use this a lot, even to show marketing. Say, ”here are the three solutions”.
And we can build these fairly quickly. Because in CAD, you can probably make these
changes in days, hours to days, and you can print these things up in maybe a couple
of days, you can have one generated. To do that with an actual physical tire, months
and months involved in all of that and extremely expensive. We want to use rapid
prototyping like this as much as we can to answer questions.
TH: Does it provide much value from an engineering standpoint? I know, when I was
working here I was sitting next to the industrial design guys and they were always
making these more to show marketing and look at the aesthetics of the tire. But, as
far as, the functionality and the performance, is there much you can learn from doing
this?
SM: Not as much, but one thing you can do is use it to compare two direct a real
product like this and get a comparison like, ”oh, we’ve actually introduced a lot
more void in this area” and it maybe wasn’t as evident in the CAD model even
though we could measure in there. Sometimes, physically seeing it can be worth a
whole lot of information. Now, there are other things you can do. You can print
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with different materials. We can print with a very rubber like materials. So, you
could imagine taking a small sample, it doesn’t have to be a full crown like this,
and making something for a test device. Or, if you’re using the same material, for
different solutions for example. What if you were to then take those and mount them
on a base and then put them through physical testing? It might be very interesting.
You could learn things like stiffness for example.
TH: So, the relative stiffness between geometries, with the same material.
SM: Exactly. Or you could even be creative. You could say, we could change material.
Materials, and see how different geometries would respond differently to different
materials. We look also at the coupling of geometry with material properties as well.
You could imagine doing something like that, it becomes more physically interesting
for something. We have done work in our group with molding small tread block pieces
with actual rubber in just a mini mold. So that you’re getting these small tread blocks
that then you can take through and put in some sort of compression/shear solicitation
or maybe even something that’s physically sliding. And you’re measuring frictional
coefficients and things like that. So those are excellent examples of prototyping that
we’ve done. Another one that we typically use a lot, we used it from time to time
in projects is carving tires. That’s a very good example of a prototype in which you
start with either a slick tire that you physically mold and build it like you would any
other tire, but it just doesn’t have any sculpture on it. Then you take it and they use
their hot knives and different other means to remove material and can quickly come
up with designs. Its rather labor intensive, but its a lot faster turn around and a lot
less expensive than making physical components. So, again, ways to go faster and
cheaper to get the answers that you want to get. That’s the real goal of prototyping.
Some other examples. We can actually make pieces of molds with rapid prototyping.
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Such that we could mold small tread elements on them and do some other physical
type testing on those as well, to understand behaviors and maybe you could simulate
the process instead of just the performance. Those are other things you could do
with a tire. Mold making. Mold making as I mentioned is very time consuming. Very
labor intensive. Very expensive to do that. What if we could make a prototype of a
full mold of the tire itself, very rapidly. That would be very interesting for us. Now,
what if that mold had kind of a rough aspect to it, it wasn’t real aesthetically clean.
But, it was able to represent the areas, local areas of the sculpture that we want, the
depths of the sculpture. Basically, all the major characteristics we were looking for
but the fit and finish wasn’t that great on it? Or say, it was a little discretized. You
could see that they used some sort of method that wasn’t as smooth as a continuous
method. But you could take molded tires and run and test them very quickly. That
would be interesting. We’ve done that in the past.
TH: How have you done that?
SM: That’s pretty proprietary, so I’d rather not say the details on that so much. But
again, thinking creatively to come up with ways to meet the need at the moment. To
go fast, and cheaper to get the answers that you want.
TH: OK.
SM: that’s really the goal here. When we make real molds for production... One
thing about Michelin tires, if you compare a Michelin to anyone else, we completely
stand apart aesthetically. That’s because we have a really high level of detail in our
process. We are a premium product, and we want to appear as if we’re a premium
product. Therefore we have many constraints. Well, if you can relax those constraints
for development, why not? If you don’t have to hold to the same level of quality, that
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doesn’t have any impact on performance, or extremely small impact on performance,
why not relax those? So, some examples that we have... How about this? You make
a tire, a physical tire with a good mold, like we would for selling to the public. And
you say well, what happens if I take this tire and go buff some tread off of it? Take it
down to different tread depths? You’re doing studies, that’s a prototype that you’re
making there where you can go and compare a full tread depth reduced tread depth.
You didn’t make a new mold to do it. Or used another means, a precision buffing
means to take rubber off. I don’t know if Jeff talked about that or not.
TH: I think I’m familiar with that process from when I was working here.
SM: That’s a prototype. That’s a definition of prototype in which you’re taking
something that you can make and modifying it afterwards to create something new.
So, I do have an example of a successful one. Its this tire here. You see some of the
features down here inside the grooves?
TH: Yes.
SM: That’s a complicated feature in there that’s very hard to make. We wanted
to know the impact of that. What’s its impact in hydro-performance? What’s its
impact in braking? Its impact in rolling resistance? Its impact in wear? So, we build
a tire with these complicated features in there. We made tires. Now, if you wanted
to know, how would that compare to one that’s identical, but it doesn’t have that
little feature in there? What would you do?
TH: Cut them out?
SM: You got it. Cut them out. That’s a prototype. That’s a clever and creative way
to do that, to not make another very expensive mold. Now, its only for development
purposes, because what if that feature turned out to be nothing or maybe had negative
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impact on performances. Well, you’ve got a mold now, what are you going to do with
it? You might be able to modify the mold after the fact, but in this case you really
couldn’t do that too easily. So, that is another example of, you create features in
here with the whole purpose of removing those features just for study purposes. You
put more into a prototype than you really need so you can take things out. There’s
another example. It has to do with that particular tire there. To make those, its a
very complicated process and we have to use a mold making process that takes many
many additional, a few additional weeks compared to a simpler mold process. So,
that, we didn’t have time to use that more proper process on this. We had to get
creative, so we talked to our CPV, which is the mold designers, and said ”how can we
get around this dilemma here” we have this amount of time, we can get this simpler
mold manufacturing process, but we need these complicated features. So we said,
ok, well, lets do something we wouldn’t ordinarily do. Lets go to an outside machine
shop and make some very special parts.
<Proprietary Information Removed>
On a simpler form that we use all the time in our development, we are constantly
changing materials, maybe different architectures and different things for a given
mold. We’re building lots of different prototypes tires coming out of it by simply
changing different materials or different things we put into that mold. That’s another
way that you can study things in a quick way.
TH: Real quick, ballpark figure... How much would a complete new tire mold cost?
Does it vary a lot?
SM: It can vary a lot, from something maybe on the order of 20,000 dollars at the
low end to something that’s maybe 150,000 dollars for one mold. And I’m speaking
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just in the tourism and light truck area. If you go to truck tires, or really big earth
movers, I have no clue what those cost. I speak just in the domain that I have here.
It can vary a lot. They tend to be more expensive in the development area than they
are, even a similar mold when it goes to the full production area. They use different
production lines, sometimes they’re more efficient or their optimized for kicking out
higher numbers of them. But, there’s a huge variance between them. So, its not
something that you’re dealing with a project in which you want to make, say you’re
doing a new tire line development like we typically do. Lets say we wanted to build
six or eight different molds in that one development process. That starts adding up
a lot on your project costs. And then, you have to think of all the testing costs after
that for generating all these solutions and quickly you’re into a lot of money. So, we
have to be really creative how we use things and use the resources pretty wisely.
TH: Okay. Is there one... You talked about sort of managing the resources and getting
the most value out for a certain amount of cost. Is there one prototyping method
that you would say, really maximizes that benefit for the cost? I guess it depends on
the project.
SM: It really depends on what you’re studying in the project, because each project
may have similarities with previous or other projects going on, but there could be
completely new things you’re trying to study. And based on what the specifications
for what you’re supposed to deliver. So, thats kind of a hard one to answer.
TH: Maybe just one example of something that was really good for that specific
project? I guess one of these examples, If you could get a little more in depth into
the background of one of these examples?
SM: I’ll talk about one that is bearing some fruit. I’ve given you tire examples a lot.
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We’ve got another one that’s done, not directly in our group, but they’ve worked for
us. Its where they’re studying de-molding. And, they’ve made special test fixtures to
simulate the mini piece of the sculpture and simulate the kinematics of extraction from
the mold. Its not the full articulated kinematics, but its got a simplified form. And
what they’re trying to study there is, for example, if you have different coatings on the
mold, how could we quickly and simply compare multiple solutions in a small scale
that would help us make decisions about which ones to use on a larger scale. And also,
if we introduce new complicated features in the mold, kind of like what I was showing
on this tire over here. How penalizing could those be to the de-molding process.
Either by tearing the features when its actually pulled or ripped out of the molds.
There’s a huge amount of force that goes in and you have both physical barriers, you
have to pass the rubber through, but you also have adhesional issues with different
material properties. Different materials have different adhesional characteristics with
the surface. And then if you change the surface coatings on that, you’re trying to
minimize or maximize the de-molding. That’s been a quite interesting one that is
under study right now that’s directly applicable to some of our tires. Because one
thing we tend to go to in the later generations is more complicated sculptures and
advanced features. And we’re trying to not penalize industry by doing that. Because
you can imagine, if we get this great performing tire, all these great kind of features
in there. But when you go to the plant, its a disaster there because they can’t... Lets
say the tire is ripping apart and they physically have to go in and have someone clean
out the mold before they put in the next one. That’s no good whatsoever. So, if
you can simulate some of those things in a laboratory setting with prototypes, then
you can make better decisions in the process and give more confidence to those in
industry and those in the management chain to take those risks.
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TH: OK. So, in this example, this I understand, you build a test fixture to prototype
the de-molding process and so you can put different things in there to see how that
affects the process? Ok.
TH: So, that’s also part of this further down the road conceptual development?
SM: We’re still developing these complicated sculptures and sculpture features for
performance, pure performance. But that’s an example of how you could do a separate
prototype study on this to try to minimize its impact on industry so that we can keep
our plants operating at maximum efficiency. That’s a huge goal, if you can imagine.
There are times when you can’t make enough tires to sell, and can’t build enough
plants. You’ve gotta allow them to be extremely efficient.
TH: Ok. And then also, you said that fixture doesn’t have that same articulation of
the full mold, but still simulates pulling something out of the mold...
SM: Its a simplified version of the kinematics. But they’re working on more advanced
prototypes that can do that better.
TH: Ok. Are there any examples of prototypes that haven’t helped, or have been
misleading or something where maybe the value doesn’t match up with the cost that
you put into it or expected?
SM: Hmm... What’s a good example of that? Obviously, all the time, no matter if
its simulation or finite element analysis, which you could argue that that’s a type of
prototyping as well.. Virtual prototyping. Well, there’s an example. All the time,
when we do our simulation and we try to make the physically representative model
that we can, and then we go and test it. And we have this expectation of what
we’ll find. But then we have the reality of the test and what it produces in the
materials in the end. And our goal is to always be correlating between those physical
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measures, back to the model, refining the model, refining the physical models behind
our model, until we get that model to a higher and higher state that’s more useful.
That’s a continual process that we’re doing. Oh yea. All the time, we would like
to be able to simulate these very complex phenomena. The interaction of the fluid
mechanical coupling. The full visco-elastic type of behavior, but those are extremely
complicated models. Even if we can get the physical models on these, the testing
of the materials to feed those, is sometimes extremely hard to do or impossible. We
know how to simulate all the bending, rotational, torsional modes of a component
in a tire. We can represent that mathematically, and we have high confidence that
it works. The problem is, and this is probably the best example for you, is how do
we measure it in the laboratory? We’ve got this great model out for the tringle in
the tire. The bead. For years, 15 years or more,we’ve had a great mathematical
model that takes into account all the various means and mechanics that you could
describe. We have extremely limited ways to characterize that in the lab. So, we
tend to make more simplified models, or we use that particular virtual model with
just mathematical components in there, that we think makes sense. And it seems to
give a reasonable results, but we can’t measurement. We can’t feed that model with
exact measured curves in the laboratory. We don’t know how to do it.
TH: So, you’re talking about actual components like the bead of the tire...
SM: For example, You can test it in traction. You can test it maybe in break strength.
You can trip test it, and maybe some limited torsional loads or bending. What about
bending what about shear? What about some of the other complicated ones. It
would be great to have data on that. We just don’t have the physical machines to do
something like that.
TH: Does that have something to do with the actual loading it sees in the tire is
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complex and not understood as well?
SM: Well, we’ve got a pretty good idea through the different stiffness matrix, and
the different components of axial, bi-axial, shear type components. I think mathe-
matically, we understand what’s happening. And if we had that, we’d actually make
a better simulated model. But we just can’t fill... We can’t get the actual data we
want to compare say, three of four materials. We know that there is loss, physical,
heat generation loss taking place in textile type products. We don’t have a good
way to measure it. So, therefore, when we do our simulations, we under-predict in
general, the loss in the tire because we don’t physically have the best way to char-
acterize those. We’ve done it on small scale, limited applications. But, there’s a
lot of assumptions that go in when you do it. Which isn’t necessarily a bad thing.
We can design excellent products with limited tools and prototypes that are limited
as long as we understand the scope. What is the limit of validity on it. If we can
always say, ”ok,I know that this little tread block sample that I molded, and we put
in a stress-strain solicitation is not completely physically valid.” I understand that.
Because if we mount it on a stiff metallic base, then obviously that’s not the same as
a more flexible set of belts in the tire. Its not exactly the same, but if we’re trying to
study a certain characteristic of modulus for example. It may be sufficient for that
particular characterization. Maybe, maybe not. It depends on what kind of physical
solicitation we want to get out of it. But, in all these cases, our real goal is get the
maximum amount of information we can have with confidence in the fastest time,
less money, and... I guess that’s sort of what it comes down to.
TH: Can you describe the process, in your role, or in your group, as far as how
decisions are made about what to prototype and how to prototype it? Is that the
individual engineer working on a project, or is there a formal process for making those
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decisions?
SM: Well, the way in which we work is a very collaborative effort. We’ve got our
design teams. I might lead a team. And I might do a lot of the technical design work,
but I’m not working alone. I’m working in conjunction with other design engineers.
I help them on their projects, they help me on mine. We tend to huddle up a lot and
talk about these things. We have these design events we go to, you may have heard of
in the past. We have kind of a validation process. The best way to do it is, someone
comes up with an idea and says ”I think this will work, what do you guys think?”
and you kick it around and you debate it and you say ”well, I think its weak here,
how can we improve the weakness?” or, is that weakness manageable for what we’re
trying to study? Ok, it is. How much is it going to cost to make something like this.
We go away and maybe make an estimate and talk to some of the experts around and
we think ”ok, if we do this, what are the risks?” Are we going to have to spend a lot
of money and get a little information out of it? Will it have a good payback? Is it
flexible? Something we can use outside of this project as well? Maybe you come up
with a new prototype in this project that helps you answer a fundamental question
that you wouldn’t need to ask in another project. So, if you spend more money in this
one, if you can justify it with the other things you might not be doing. It may seem
”that could really benefit us here, if we think in the long term and we think across,
and we share this information we get out of it, this technology out of it with other
teams and other groups.” And you kind of have to look at the bigger picture and
say, ok its worthwhile to do that. Sometimes you may have to get external funding
from another source or something like that. And when I say external, external to
the project. Not, going out for research grants or anything like that. But doing that
would help the company.
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TH: Ok. Do you have any examples? I can kind of see material testing, information
you learn from that could be applied to lots of different things. But is there any other
types of tests, or something where you test one thing with the intention of applying
to that to several different domains or projects?
SM:Well, for example, that feature I was showing you over here... We were putting in
a lot of effort to prove it out in this particular project so that it could be deployed in
multiple projects afterwards. So, those are some of the things. Jeff’s probably talked
about some of the end-of-life type behaviors and showing you some of those types of
prototypes they’ve done down there. IN varying degrees, that can be implemented in
other projects that are coming. The idea bout the de-molding, what you learn there
directly benefits the whole company if you can get new ways, new coatings, new mold
release agents or things like that. That can benefit you. Or new geometries that
permit an easier de-molding. That’s the thing. You can’t just have an object that’s
just on your project. You have to be thinking outside as well. ON the same token,
you have to have eyes that are ready to see what others are doing. You have to be
proactive and ask the right questions. I’ve got this problem. How do you get around
this problem? Well, this group in France did this. This group in japan did this. We
need to find out more about this. Ask them what’s the context it was developed
in? Ok, we could do something like that. Maybe something creative like having an
interesting test machine for tires. You could have something that was developed for
one purpose, but you say ”hey, if I just made a small modification, I could use it
for this completely different purpose” In that case, you’re prototyping a completely
different test method. And that’s something we do all the time. Validate it, does
it seem to give us the answer that we hope to get out of it. Am I answering your
questions the way that you’re hoping?
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TH: Yea. When you are developing or planning to prototype a new product or new
process or something, what characteristics in that process are helpful for maximizing
the value for the cost. Are there certain guidelines that you try to follow yourself
when you’re making decisions?
SM: Yea, one thing I always want to try to determine, is how generally applicable
it might be. If I’m developing something, is it really just going to be useful for the
particular project I”m working on? Maybe in a particular range of tire dimensions
I’m working on... Or is this something that is more generally applicable in a broad
broad scale. Is it applicable only for a given set of materials properties that I might
apply to it? For example, if I get outside the range of modulus on my rubber materials
that I originally thought. Is it still applicable? And that’s one thing, I’ve seen with
more and more experience is, you go through this phase almost where you think
you understand something, and you’re convinced that you know how it all works,
and then you’re presented with a lot of data that shows it doesn’t match what you
thought at all. Its completely different. And you think, I’m a complete idiot here. I
don’t understand anything. And then, that usually happens just before a momentous
light bulb comes on and you think, so that’s how it works. And, I think too many
times, we operate in the first phase, where we think we understand what’s going on,
but we need to try and go outside of the bounds in which we thought about it. To
see, can it be more generally applicable. What happens if I were to operate this at
minus 40C. Does that change everything? Or, what if we go from 8 millimeters of
tread depth to 6 mm of tread depth? Does that completely change what we’re talking
about because now we’re operating in a different stiffness regime? If I want to make a
tire, a prototype tire that’s got a very very stiff summit. We find some breakthrough
performances on that. Is that only in the particular components that I put in on
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that rigid base, or is it applicable with a wide range of different constructions and
material characteristics. Really, just asking the question, be creative as you can to
try to determine how things can be generally applied, how they can be misused, or
how they can cause something to fail. That can be creative as well. How could this
fail? And how could this not give me what I wanted. And learning from failure, is
often when you make new breakthroughs as well. You can look at a prototype that
completely failed and you say ”oh, we wasted all this time, all this money, all this
effort” Don’t stop there. Do a complete autopsy on it if you will, and find out why
did this fail. Because you may be this close to having a breakthrough coming out of
that failure. Or maybe you should spin it around and say ”gosh, that was a complete
failure for this, maybe it could be a complete success if we just change our perspective
on it”. That’s the beauty of trying prototypes, multiple ones. Try some things and
learn from them and maybe combine them in the end.
TH: So, when you’re developing a prototype, do you actively say ”How can I modify
my test to make the results more generally applicable?”
SM: If you can do sort of a risk analysis. A pretty detailed risk analysis at the
beginning, what could go wrong on this. Or, spun around the other way, how could
we creatively make this thing generally applicable for multiple uses,and put it to the
test. How can we do that. That’s the beauty of having multiple people coming in
together and you come up with an idea. You put it out on the table and you say
”tear it up boys”. What could go wrong with this? From ”oh, I did a study years
ago on this” and ”oh, that’ll never work, you gotta change the stiffness in this area,
or lighten it in this area, and then maybe it’ll work.” Ok, I didn’t think about that.
But based on his experience or her experience, or things that work and things that
failed, you can learn from that a lot. One thing to always, don’t operate as an island.
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Get as many creative people as possible around the table with different backgrounds
as possible and you will win a lot.
TH: I think that’s as far as my planned questions go. I think that pretty much covers
what I have. I’m trying to think if there’s something else I need clarification on. You
did talk about going back and forth between the virtual prototyping and the physical
prototypes.
SM: All the time, yes.
TH: What’s the ratio of virtual to physical prototyping you would say you use?
SM: Its much more virtual. Because we’ve got good success in our modeling over many
years. Now, its not perfect. But we know how to do a lot of optimization through
analysis. And that’s been a big thing. Physical prototyping generally... It depends on
what you cal physical prototyping. If making multiple versions of a tread compounds
and different products in a tire in a given mold. If we call that prototyping. Oh,
we do that constantly. If we’re talking about mixing compounds in a prototype shop
and then taking certain samples to test in a solicitation, we do that all the time.
It just depends on how we define the prototyping. If you’re talking about, like the
example of a demolding fixture. Now, that takes time, that takes a lot of money for
material creation. And then you gotta run a lot of testing in the field to correlate
and say ”well, we’re getting results here, but are we getting the right results”. It
takes a lot. Suppose we had a test fixture in which we’re trying to determine the
vehicle position between concrete and asphalt and its a rubber material, just trying
to understand some of the physical behavior behind it. Whereas that might seem very
simple to just make a test fixture, load something, and drag it across. There’s a lot
behind the scenes that goes into that. And then you think of the 100’s of thousands
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of dollars that running and testing to correlate, recalibrating the machines and all
that. Its enormous. It depends, and really we have to define clearly what we mean
by prototyping. Because some of them are simple, well worked out, we’re using them
daily. Virtual prototyping is the best example of that. And then other ones take a
lot of time and a lot of effort. And then again, some of these, we’re making some neat
and creative advance with printing and rapid prototyping machines like this. Where
we can make these plastic models, rubberized plastic models and start to learn some
things from it. But, again, its always how much time you have to develop it. How
generally applicable is it. How much does it cost. The goal, again, is to reduce time
and to reduce cost.
TH: Ok. I think that’s just about all that I have. Unless there’s anything else you
want to add. I’ll keep in touch and let you know how this is being used for one. If
anything is being published, I’ll let you know. Like I said, I”m just looking more for
patterns and characteristics and not the actual technologies and things.
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A.5 Jeff Warfford, Michelin
TH: The goal of my research - what Im doing is looking at the value of prototyping in
the design process, and how do prototypes vary in different situations with different
goals in mind. And so, Ive got some questions. Id like to talk about some specific
examples of the prototypes you might use.
JW: I think I can converse with you on that.
TH: Well, just more in general, whats the process you follow and your role in the
company.
JW: I think I can help you out on that, and two, I think I can give you the perspective,
you know, I worked for Volvo trucks for 7 years before I came to Michelin. So I think
I’ve got some examples that even though it may be getting close to 12 years old, but
how we did things at Volvo and then certainly here at Michelin.
TH: Okay, so can you tell me a little bit about your role now and how you use
prototyping in your job?
JW: OK, alright. Well, of course Im one of the concepteurs, one of the tire designers
in PE-4-TS, the sculpture team. Actually, Im in the process, now, of transitioning
from the sculpture team to Sids architecture team. So, if you knew Urina Mock on
Sids team, she worked a lot on the carcass and the endurance and the zone basse, the
bead area. Shes moving to another department and Im taking part of her work. so,
Im still in PE4, still tire design, cured tire design. And so, a prototype is certainly
the key thing. Thats what we do, certainly is build prototype tires. We dont have
the simulation tools. And maybe thats a way to put it into perspective, prototypes
are so key, prototype tires are so key for us, is that we dont have... we have good
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simulation tools, but theyre not quite what we need to be able to do virtual proto-
typing. Obviously, thats the thing, the buzz word these days. Virtual prototypes and
all that, but we dont just have the tools, which is unfortunate. And thats something,
my PE3 background, thats what I always kind of fight for. We need better tools. We
need better tread block simulations for rigidity. We need better friction modeling,
and those sorts of things. So certainly, we do have a real need for prototypes, and
that is basically what we can use those for. To answer design questions. Design of
experiments, single factor changes, use that sort of thing to build some functional
models. I used that to team some physical models and things like that. So, certainly,
its a key thing. Even back to the Volvo perspective, building prototype parts for
testing on vehicles. We would build trucks and put particular parts on it and we
had endurance cycling and an endurance test track. There at our facility that we
would say, well 300 cycles on the endurance test track will qualify the part. So we
would build prototype parts and install those, whether it was a suspension system or
a steering gear bracket or whatever. You know, and evaluate on the vehicle or on a
test stand in the lab.
TH: OK. Can you describe your most successful prototypes, however you would de-
scribe that.
JW: Yea, OK. It probably comes from... Ive been working in the area of end-of-life
performance. So basically, the tire performance, or the evolution. This is a little
bit, not-quite ready for market, so I know that youve done all the confidentiality
things, that maybe youd want to synthesize this a little bit if youre writing about it.
But basically, weve had some good work with some simulation tools. <proprietary
information removed.
JW: You might say we used rapid prototyping technology to create very complex
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sculpture features that we were able to build prototype tires. So, if you wanted to
say in a very general step by step, thats what were able to do. And we actually some
some very good results with the tires we created and proved basically, that we had
achieved the kind of performance that we were looking for.
TH: So in this situation, you were prototyping the manufacturing process as well as
making prototype tires.
JW: Exactly. So you might thing we were prototyping parts of the manufacturing
process as well as the prototype tire. We wanted to have a tire that had these kind of
complex features that performed in this way. The way we were able to achieve that
result was through some prototyping type activities on the manufacturing side.
TH: OK.
JW: Does that make sense?
TH: Yea.
JW: In fact, I can give you an example that we did at Volvo. We were working on
a new construction vehicle. We would do solid models of say suspension brackets.
So we certainly used pro-engineer and we would do solid models of say a suspension
bracket that mounted to the frame and was the front connection for the leaf spring on
the front axle. And so we did those, we would have those made in a rapid prototyping
plastic and we would give those to a foundry and they would use those plastic models
as the patterns for sand casting a cast-iron bracket so we could turn around and go
from computer screen to a bracket on a vehicle in a third of quarter of the time. When
before we would have some guy making a wooden pattern from a drawing and doing
the standard foundry type of process. But we could actually create a pattern with
all the shrinkage factors and everything and split. And just put it in our prototyping
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sand casting process. It wouldnt last. With the abrasiveness of the sand, it would
last for about a dozen parts or so. But, it was certainly enough for us to test vehicles
with it.
TH: Definitely. So, for either one of those examples, was there very much iteration
of the prototypes as you worked on them?
JW: Probably, for the tire example, it was basically, we did some iterations you might
say in terms of simulating some rigidity calculations, void volume calculations. Thats
sort of the size of the features. You might say, dimensions. And then we went ahead
and produced some tires. So it wasnt like we went through and say Ok lets do this,
well produce a mold, now lets go back, adjust some of these features, new mold and
new tires. You know, 75 to 100k dollars for a mold, you cant really do that. So there
wasnt much iteration with what I would say is the short term. But in the longer
term, yeah. Thats sort of our design-build-test loop. And then the next project:
design-build-test. But its a longer term. Over the two years, you might say. But now
back to the Volvo example. Yeah, maybe we had some more a little bit faster turn-
around and maybe could do some bench testing with brackets for ultimate strength
before we would put them on the vehicle. So, it was easier to change, you know, some
filleting, some webbing, change some structural aspect of that and then recreate a new
prototype. And then have it cast, have a little bit quicker cycling. In that particular
case, is what it was like at Volvo.
TH: OK. In contrast to those, has there been a project where prototyping hasnt
helped or has hindered in some way?
JW: Well, I guess I can come back to one example, about when we were doing the
prototype tire with the advanced features, the complex sculpture features, that one
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case where we decided, well lets just... we were doing some single changes and we
had one case so, lets go to the extreme, lets see where the edge of the cliff is, lets
throw everything in the kitchen and the kitchen sink at it and we really werent very
successful. So maybe the thing is, you can say out of that, it might be a stretch, but
I think its somewhat realistic, is the fact that having simulation and seeing Catia and
dealing with things 10 times their actual size, that we miss just the simple fact of
saying well, were trying to pull a block of rubber through a small feature where we
have a feature on this side, a feature on this side... features on either side, so now Ive
created this pyramid of rubber that Im trying to de-mold through a key-hole. So we
ended up tearing rubber and we basically werent able to produce tires. So our ability
to prototype, in that case, kind of got ahead of our common sense, you might say.
TH: Was that maybe more...
JW: I dont think in terms of, any tool that we use in any part of the process did us
wrong. It was just our, it was a high risk mold, and we were throwing everything we
had at it just to see what we could do. That would be hard to say that was the fault
or hindrance of the prototyping. Maybe in either case, either Volvo or here, its the
real product, its not like a miniature that were trying to test. A miniature in a wind
tunnel or something like that. Its a real product in their real test situations. So its
not any kind of scaling effect or anything like that, that you might see in some other
industry or some other prototyping. Does that make sense?
TH: Yea.
JW: Because, one thing that Michelin does, they call it homothetic. You scale down
a tire. So they do this a lot with these huge construction vehicles. These mining
truck tires, where the thing is 12, 13 feet in diameter. And they scale it down to a
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tire size more like a passenger car size. The tringle in one of those caterpillar mining
trucks is like that... and then the cables, the NC cables, you know are like that...-
so they actually scale it down and do some testing and things like that. That may
be an aspect where there may be some issues about some scaling issues that youre
prototyping process might not be fully representative of a real world case. Im not
sure. Thats just pure speculation.
TH: do you think there was anything in your process, your simulation or anything
that might have misled your or not highlighted something? Youre talking about
pulling the rubber and the features out of the...
JW: Yea, again when you say misled, thats probably the fact of, one aspect of looking
at it 5 times bigger than normal or just looking at it on a screen. You just didnt have
that physical feel of oh yea, when you say that oh, ok. heres a block of rubber thats
like 6mm square and were trying to pull it through a space thats like 3 mm by 4 sort
of thing. So just that visualization may have misled us some. Or you know, again,
the lack of precise modeling tools. Ok, can we simulate, can we have an Abaqus
or DELI simulation or something where we actually try to model the de-molding of
the tire. Pulling a very non-linear model, trying to account for all the friction, the
adhesion, the friction coefficients, and then just the large deformations of pulling and
de-molding a tire and pulling rubber through a small space and just de-molding in
general. Again, its just the shortcomings of our technology.
TH: OK. In your position, or in your group that you work in, how is the prototyping
process usually handled? Is there a standard process? Or an engineer says I want to
make a prototype and has to get approval...
JW: Yea. We can talk about that a little bit. Yea. Theres several ways and several
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aspects. And Ill start with one thats maybe a little bit more general. We have
a quality system, where theirs ISO9000 or whatever it is TS16-something or other.
Basically quality systems define a certain methodology or certain way of following a
design process. So yea. We have that and say basically we do tire design. We have
what we call the design verification checklist that you review with your manager. And
say basically, do you have the materials? part of it is very practical? do you have the
materials that you want to use? Are they available? Is the process available that you
want to use? Things like that. Then its basically, did you follow the rules. Did you
follow the normal design rules, the normal design guidelines. Yes/No, why? Because
Im exploring...
TH: Are those special tire design guidelines or are those more general?
JW: Those are just normal design guidelines that we give to the UOTs. To give to
like TCO or placement, design marketplace tires. So, PE4, again you remember is
PE4 is more tire research and developing those rules. And then the job of the UOTs,
or the market teams, are to develop tires. So they take the rules and develop tires for
particular applications. So thats basically the research versus the development. So,
PE4 being more the research side. So, yea, basically in that checklist... did you follow
the rules? If not, then why? Whats your justification? Yea, well, Im reducing the
thickness of some of my products in the tire to investigate endurance. Did you do it,
or justification why you didnt. Did you sort of follow the rules and sort of thing. So,
from a broad quality standpoint, theres some general questions to be answered. And
then, at the end, that requires manager approval. Theres certain process for... well,
just the way Michelin works. This is how Ive specified, this is all my constituents,
this is the design that I need to provide to other organizations within Michelin. So,
here is the tire design that I would like the finished tire to look like. You have green
185
designers, who we call product industrialization engineers now. That says ok, this is
how we take this finished tire and de-conform it, and decide, this is all the products,
and the shape of the products that we need to be able to build it. Then thats handed
all to one of the prototyping shops or manufacturing facilities, whether its the small
manufacturing, we call it a an F.I. shop in the plant, or one of the GSPP prototype
shop here on the MARC campus. So, that design is handed off. They have their own
systems for building it an then they deliver the final tire, the prototypes back to us.
Then we have a system for basically again a checklist that help us work through, if you
make this kind of change to the tire, we changed the tread compound or we changed
part of the carcass. Is it a high risk, is it a low risk? Is it something you normally
do? Is it something thats never been done before. So, then that gives you sort of a
list of suggested tests that you should do to help qualify that. Then theres certainly,
youre familiar with a design FMEA. So, thats kind of what this major checklist, is
one thats been developed over the years to kind of guide people. But if youre working
on a particular aspect of endurance or a particular aspect of tire performance, then
you may want to do an individual more detailed DFMEA. So, these are the things,
the risks that you want to look for and these may be the tests you want to do to
investigate that. So, then, theres certainly sort of this development of a test plan.
Certainly, executing the tests, and then coming back and reviewing those test results.
And then, typically projects have a certain functional specification that you want to
meet. You know, cahier des charges, for the French term. And say, ok, then the final
checklist is the design review. So, basically, did your design meet your functional
specification that you were originally given. So, you can say, we wanted to be 10%
improvement in wet braking, and well accept 5%. Those sort of things. So, you look
into it and say, do your results match up with your CDC. So, thats another part of
the quality system. That we say is kind of a checks and balances system. You say,
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and then you meet your functional specification and that design is accepted and we
can go forward in the project.
TH: So, how long does that normally take? Going through that whole approval
process?
JW: Well, basically, you might could say it takes about 9 months or so to go through
from an initial tire design where you say I going to start on this tire till I get through
with the testing. Youve got mold design and fabrication takes about 3 months or
something like that. If theres a mold involved, a new mold is about 3 months to get
that manufactured and probably about a month in there to get all the tire manufac-
turing done. Then the remainder, probably 3 or 4 months involved in the testing and
the analysis of the tests. So, typically we say design-build-test-approve is about six
to nine months. And so, each project has certain checklists to make sure that theyre
done in a proper fashion and then those particularly related to tire builds all feed into
that quality system for the project. So, typically all the projects we work on follow
that same sort of cycle and quality checklists. Does that make sense?
TH: Yeah. So, in the case of, that same example we were discussing earlier, it sounds
like, for a lot of the aspects of this prototype development, the building the molds,
the green tire design and all of that, is done within Michelin. So, with the sintered
mold features, is that something that had to be done outside?
JW:Actually, no. It was still within Michelin. It was within CPV, our mold building,
mold manufacturing arm of Michelin. They have bought, the machines that they use
are industrial machines. They may be modified, of course Michelin has to always
modify whatever they have. But, lets say, industrially available, publicly available
machines that theyve purchased for use within Michelin. Everything is done within
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Michelin.
TH: So, did they already have that sintering capability?
JW: Exactly. And that was part of it. Is that they were developing that expertise
and our project was along with kind of going parallel with their ramp up of the
development of expertise in that area as well. And the only thing, I just want to kind
of warn you about, thats not entirely for public consumption. You can kind of dilute
that a little bit.
TH: Okay. So, is there a time frame for when that would be? Or is it still undecided?
JW: The tire that has those features will be launched in 2013. I dont know how...
how much of the internal process will be disclosed. But it will probably at that time
be obvious how its done, to somebody that looks at it.
TH: Thats kind of how Im doing these interviews. Im talking to a couple people
here and Ive done some interviews at Electrolux in Anderson. Im not as interested
in the actual technologies, but more patterns within the organizations and how you
do things and how that affects the results.
JW: You can generalize it.
TH: Yea. Oh, so, within this long design-build-test cycle, is that something that is
usually initiated by the engineer? Or is that something where someone higher up or
a supervisor says this is the project I want you to work on...
JW: Yea, typically, the kind of projects that we, me, Damon, the guys in PE4-TS,
the French term is pre tete de gomme, which is French for head of the line. So, its
even before the head of the line. So, basically the process that we do, our projects
are exploring a domain. So, here, we want to replay a couple of examples. We want
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to replace the existing tire from marketing. Marketing has their product plan. So, we
say by 2013 we want to replace the primacy MXV-4 with the next generation. Lets
back up and say well, in 2010, we need to start a project to explore the domains of the
new technologies we want to apply in that market project. Thats kind of where I am
now. Were finishing up that pre tete de gomme, that domain investigation project.
So, were exploring, if you use these kind of complex features in the tire you can get
this kind of performance. If theyre bigger you get this kind of performance. If theyre
smaller you get this kind of performance. You can use this sort of tread compound
with this combination of materials to get this kind of wet performance. If you use this
compound with these, not so much wet but you get better wear. So you get a range
of choices. Thats the kind of thing were developing in PE4. So, in terms of that, it
comes back to marketing, saying heres our product plan. We need to replace this tire
line here. So, then it comes back to CTA to say, OK, now in this time-frame we want
to start looking at the technologies that will be used in that next generation. So, it
comes down from marketing and then this position within the MARC management
that yea, CTA, the technology center, Were going to start on this. We want Joe
Brown and Jeff Warfford to work on this and we want Uri from materials to be a part
of this team. So we say, well then. If were given this functional specification that
says heres your reference tire, the current primacy MXV-4 and marketing wants to
see a 10
TH: And another thing I just thought of... For your new tire testing process, you
mentioned the functional specification that you use to compare the results of the
process to. Was that different since you were testing the process and the end tire as
well?
JW: It might have been for CPV, so well say that here in PE4, MARC, we had
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the tire specification. In parallel they were developing the expertise with those ma-
chines. Im sure they had a functional specification for the lamelle thickness control,
or some geometry control, or some timing/rate of production. Im sure they had a
functional specification that they were working towards for the industrialization of
those machines.
TH: But you were more focused on the tires?
JW: We were only on the tire project. Were just fortunate, we were working together.
They needed some real world examples. They needed to build real stuff to verify the
industrial robustness of their process. So we were fortunate that we were able to work
together on that.
TH: So, for that same process, what does the path forward look like? For the new
manufacturing process... did that change as a function of the prototypes that you
built?
JW: Yea, probably again sort of thinking about the whole process. Lets come back to
say marketing has the need or identifies the need. Weve created the project in CTA
that says OK these are the technologies that we want to use and then the next step
is within TCAR, in this particular case, the market unit to say now, were going to
take this information that CTA has provided, and were going to design the tire that
is going to be produced for the market. We said, here if you use this KM, this tread
compound, youre going to get this kind of wear, this kind of dry, this kind of wet,
youre going to get all the performance for this KM and the cost. Heres the other KM,
it has advantages and disadvantages. Advantages, disadvantages, cost. We provided
them with some choices, these are some choices that you have and some trade-offs
that you can make in your market tire. These are some of the sculpture features. If
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you want to do this, if you want to have this kind of wet performance, then you need
feature like this. If you want to have that, you need features like this. Basically, we
can provide them with typically its called a dynamic spider chart. Your spider chart,
heres your braking performance, wet, dry, rolling resistance, mass, cost. Then you can
draw that radar plot. And so, what we do is lots of times have an excel spreadsheet
where you say I want to use this KM, this sculpture feature, I want to do this, this,
and this and the spider chart updates to say heres what your prototype would look
like relative to your reference tire. So, that information is then given to the market
design team where they do the tete degam, they do the initial tire for the new tire
line. And they say, well, this is what we want it to look like. Maybe marketing has
made some adjustments in the three years between when they first identified the need
for the project here and what they want to have in the market. Maybe there are some
cost trade-offs and some of these things really were great but they come at a cost.
So, then its a decision between the market team and marketing to say, this is what
we want or what we can afford to do. So, they would then take that information and
they design the one point. We try to look at a range, not decide heres the tire that
you guys copy. But, heres a range and heres all your options. And then they do the
one point. The single solution. Then they do a declinaison, they may design their
tete de gomme, is a 225/60/16, then theres 30 other dimensions that they want to
copy this thing to. So, thats the second part of the market project. This is what we
want here, and they typically do it in one or two dimensions. Then the rest of their
job is to do the tire line expansion. Copy that.
TH: To maintain the same performance over all the other dimensions?
JW: Exactly.
TH: So, you guys are on the side where youre basically defining that design space,
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looking for trade-offs?
JW: Typically here again, the trade-offs, we use these key compromises and try to
draw something like wet performance vs rolling resistance. So, ok, well maybe youre
reference tire is something like that and we want to identify something that maybe...
100 as a performance rating or index, and maybe we want something thats at 115.
So, we want to identify something like that or maybe identify something where weve
got the same wet performance but 10
TH: So then, the market unit, they look at that and then decide which one they want.
JW: Exactly. Maybe to get to that wet, they need some new equipment in the plant
to process this tread compound. Maybe its really expensive on a capital basis and
maybe its just darn expensive from the components that we use. So, those are the
kind of choices that need to be made on the market unit. We say, TCO, which is
tourisme-camionnette -original equipment, is what that means. Those are the people
that develop tires to be sold to Honda, Ford, and all that. And then TCAR is
tourisme-camionnette America replacement. So, TCAR, they design all the different
tire sizes, you know, in primacy hydro-edge, pilot sport, that get sold in the dealers.
TH: You mentioned the Volvo example, how did the general prototyping process at
Volvo, how did that differ from the way its done here. You were talking about how
you could speed up the process using the rapid prototyping. Was there as much
planning and that whole design-build-test cycle?
JW: Yea, the thing with Volvo, is that it was maybe faster in some respects and
slower in other, because the product cycle is huge. You know, its ten years from one
generation to the next generation vehicle. So I happened to be at the beginning. That
example came from the beginning of the design process for a new generation. So, over
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this ten year cycle, theres all sorts of improvements, cost reductions, changes. The
evolution over that product life. So yea, you could maybe do some prototype testing,
a small cycle within that evolution. And then, the prototype, when you get to the
next generation, the big design effort, the big sheet of paper kind of design of a new
generation vehicle. That could kind of stretch out for several years too. The example
that I gave, was we were taking a vehicle, a heavy truck, that had been developed, a
tractor trailer. Semi, over-the-road. That had been launched and we were about three
years after that launch. We were starting the construction, the heavy duty, we were
adapting this vehicle for heavy duty use like construction, dump trucks, and cement
mixers, and that sort of thing. So, it still required much heavier struts, and heavier
springs, and heavier suspension, higher load capacities. More robustness for being
hauling off-road kind of things. So yes, it was a little bit faster. We had a basis, but
still, we were trying to have a certain constrained time line to introduce the vehicle.
So, we were trying to do, ok, we need to go from a 12k pound capacity to a 20k pound
capacity front suspension. And so, we were designing new suspension brackets and
things like that. Some fairly large castings that were going to need to be fairly robust.
In the mean-time, we could move from wire frame cad systems to solid modeling with
Pro-Engineer and we were able to go and make use of that solid modeling and use it
to create those patterns. With Pro-Engineers, some of their utilities, we were able to
speed up that process that we’re able to do. And when we did several prototypes, it
worked really well that we were able to do a lot of prototyping of big cast iron pieces
fairly quickly and get them to the lab where they were doing some bench testing and
all that. And actually get them on the vehicle for endurance testing.
TH: So, it sounds like the overall product had a really long life cycle, but you could
prototyping and iterate on individual components more quickly.
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JW: Exactly. Here again, the difference with Michelin is the mold time. That mold
manufacturing is a slow process for us. Its a fairly complex process. Where we were
doing brackets or whatever. We might have been looking at a suspension system or
something as simple as a fuel tank bracket. That you could iterate fairly quickly on
something like that. We had test trucks that were fairly available in house. And if
you needed to run some particular part, you can switch out that component on that
truck and continue the test cycles.
TH: So, are there any examples of testing individual components as far as tires go?
Maybe not in your job, but in general?
JW: Certainly, in terms of, maybe on the architecture side, actually where I”m go-
ing now from the sculpture side to the architecture side. When you’re working on
endurance, you’re more interested in what’s the internal, the dimensioning and the
materials for the internal components of the tire. So, in that case, yea, whatever
sculpture, whatever mold and sculpture, if you’re working on something for a light
truck or passenger car, you can select an existing tire that has a mold, an existing
mold and I just want to change the thickness of the rubber around the steel belts
in the summit. Or I want to change the wire diameter in the bead, the tringle. Or
some shape of some product. So, yes. You can do that fairly quickly. You can cut
an extrusion die and extrude that material. Send that material to the plant. They
typically have some dedicated resources to build those. And say, I just need to borrow
a 275/65/18 BFG long trail TA, whatever mold. And then I want to change the NC
tissue. And this is for my prototypes. So i have maybe 2 or 3 different NC tissues
that I want to look at. So I build those and do the testing.
TH: So, you can test individual components, but its still generally done by building
a complete tire?
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JW: Yea. Exactly. So, back to your original question. Its hard to say test... Well, I
know the materials guys do some testing. That’s straight materials, and testing for
tissues and things like that. But to say, just a particular some sort of prototyping
for a particular zone or something on the tire, I would say I don’t know of any. Not
that there isn’t, I can’t say I know everything. But I would be hard pressed to say
there was something where you could test an individual component of a tire on its
own individually.
TH: So, I’m assuming thats just due to the complexity of the inside of the tire.
JW: Yea, I could think of something like the tringle. You could look at something
like the bead, the bead wire. You could do some sort of a strength test on that. But
in terms of how it interacts with all the other components of the tire... Yea, I would
be hard pressed to say, hey you can make any kind of tire performance prediction
based on some test of some isolated component of the tire. Other than the materials
tests.
TH: One other question I thought of and meant to ask earlier. When you’re talking
about that whole review process, you mentioned risks for that design review. Are
those risks of the tire failure?
JW: The way we talk about risks now in the company, is there’s really three types.
One is the risk of the tire not meeting the specification. So, basically, there’s some
risk there that really just can’t get to that 115 wet, or that rolling resistance or
whatever. Certainly, there’s risks of the tire failing and that sort of thing, but those
are typically taken care of in the DFMEA or what we call the design homologation
guide that you need to have. Generally, you need to have, this product needs to be
this thick, generally this product needs to be this high, placed here. There’s tire
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guidelines, and except when you’re exploring the boundaries, you don’t go outside of
that. So, those kind of safety risks are always in the, you’re always designing for what
we call implicit performance, you know, the endurance of the tire, the safety of the
tire, that sort of thing is always there and goes without saying. That’s one set of risks
and that’s always in consideration. And so, then the other risk is maybe associated
with your particular project and your particular functional specifications. Say, you
want this amount of wet or this amount of rolling resistance. There’s issues there,
some risks in terms of, ok we may not be able to produce that. Then there’s other
risks that we think about now more than we have in the past. What’s the risk of the
industrial process affecting your tire performance? So, maybe they don’t have good
control of the thickness of some product in the plant, and if that varies, it may affect
your tire performance. Or if they can’t mix the materials as well. So, that’s one.
And then the other, there’s a third risk that we talk about. How does your design
disrupt, you might say, disrupt industry? So, now that I need this extra process in
the tire building, where we add this new product, or I need to cure the tire half again
as long, or I need to do something else to the tire, so their productivity and things
like that are affected. So, we call that, that’s our third type of risk that we address.
We don’t do, that’s sort of, on a PE4 project, that’s sort of secondary. We always
try to keep those last two risks in mind, but its not as huge in that phase as it is in
the market phase because this design is not actually going to the plants and going to
be produced.
TH: There’s still time to mitigate those risks through design?
JW: Exactly.
TH: Ok, that’s good. That’s about all that I have for planned questions. So, if there’s
anything else you’d like to add...
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JW: Yea, I’m trying to think of that. You covered that pretty good. That was a good
discussion I think and I think it was good to talk about the Volvo example, and we
thought about the same sort of, it was generally the same sort of process. You have
some market need, whether its some improvement to the vehicle, or just a whole new
generation of vehicles. So, we had marketing, you have that same sort of specification
requirements. We need this kind of axle, we need this kind of weight rating, we
want to have these, this horsepower engines, there’s a lot more to it. But that same
sort of ISO9000 quality product quality development process at Volvo was the same
thing. So, in terms of design review and design verifications and project milestones
and those sorts of things were all fairly the same. And we had something that was a
little bit different at Volvo was those prototype parts. We had design releases. We
would say A release, B release, there was a C release and then a P release. Along
those designed parts, in A you were free to do whatever you wanted to do. In B,
it was a little bit more refined. And then, you’re free to release to purchasing to
start discussions with suppliers. Because we didn’t make parts, any parts our own.
Anything we either purchased a steering gear from TRW or we gave a specification
for casting to a foundry and had something produced and machined. A C release
was then, that was the next step that we had tested enough. Between B and C the
product had been tested and validated. At that point then, purchasing was allowed
to go and make a commitment to a supplier to purchase tooling. That was sort of
like a commitment to say we’re basically done with this thing. You can start your
pre-production to produce a part for us. So, if you need to buy tooling to make a
mold or whatever. And then the P release was all of that production tooling and
everything was qualified and then the parts were ready to be bolted onto the vehicle.
With A, B, C, it was kind of obvious, but P was for production. So, we were ready
to go into the manufacturing plant, ready for the customer.
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TH: Ok. That’s interesting. Thank you. I don’t have anything else.
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A.6 Joe Brown, Michelin
TH: Ok. So, can you just tell me a little bit about your job and how you use
prototyping?
JB: Ok. Cured tire designer. So, basically, what I do is... when marketing says
that next generation, and pick whatever tire line you want, Primacy MXV4, Latitude
Tour, whatever. They say this is what we want for a certain performance. Ok. And we
have, the concept, belise, and market. The concept group does things that probably
cannot be industrialized yet, but they have a certain performance and they just want
to blow it away. See what the affects are on the other performances. Not worry about
getting it to market. Just trying to get really get outside the box, really push on it.
I take those and I say, Ok, what can we use on those and industrialize in one or two
dimensions that can then go to market, that is hopefully industrialized. So, we have
the concept stuff, which are one-off or weird things. We have me, and the benefit of
prototypes is we usually do one or two dimensions. Five to ten tires. Each one has
different change in sculptures which requires new molds. And then, once we figure
out what needs to be done for molds, geometry and everything. It goes down to the
market group that changes it for all the dimensions and tire sizes and all of that. So,
they take the rules and just expand it.
TH: Alright. I talked to Jeff and Scott Morgan. I talked to them and Jeff said he
was more in the concept end...
JB: Yes... hes just more in the concepts.
TH: So, then it would kind of go through someone like him, then to you.
JB: He is officially in the belise just like me. So, Scott, the people that you have been
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talking about would be Bart, Ceril, theyre way back in the corner up there. And
the stuff that theyre dealing with, you cant put to market right now. And theyll do
something and well get like, 34% improvement in dry. Ok, yea, thanks. The wear
which isnt acceptable, but they got improvements thats just absurd and weve never
seen before. Well, how can we use that part and manage it. Now, Jeffs doing that
Tenacity type stuff, the end-of-life performance, which isnt out there yet. Its never
been in Michelin tires quite as much. So, his point was to bring that to a marketable
level. So, what we do, Scott, Jeff, and myself, were all in the same group, we bring
the concept to the market. And in order to do that. Were doing a lot of one-off. Were
doing a lot of weird stuff for GM, or were playing with, and prototyping quickly is
really handy. Because our time line is a little bit shorter because the market launch
is backed up through the market project and the belise project. The early concepts
arent included. So, even when we launch tires, it includes both belise and market.
So, timing becomes more important for ours than concept. Even for ours, were doing
ideas that we expect will fail. If theyre not failing, 5 or 10% of your ideas arent
failing, youre not going far enough off, or youre... and thats always funny. Now, we
do some industrial stuff. Its like, its not even mixable. This one time, we had this
tire that undulates. We had to put it into whats called an M.I.. Well, we made a
whole bunch of them, put them in the field mixture for endurance, it works. But in
order to put them in the field, you have to have a tire that you can put that tread
rubber on thats about compatible so you dont get weird handling or weird feeling.
Well, none of ours are compatible, but were not supposed to be compatible, because
if its compatible, its not a new tire. So, we do a lot of one-off, a lot of things more
asking the mold manufacturer to make something thats different and they only make
one of them. To make, say, 20 to 100 tires. Its not like the normal ones, where the
molds that theyre making have to make thousands of tires out of that mold. If, we
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make 20 to 100 and the mold is done or about ready to break, thats fine.
TH: Ok. Could you describe a recent successful prototype that has been maybe more
helpful to you?
JB: Now, when you say prototype... almost everything I make is a prototype be-
cause were only making one and were testing and seeing which is what I consider a
prototype. Now, we also call prototyping what we call rapid prototyping where were
printing stuff... but every single one of my molds, I have the issue that after their
done with it... theyre all done here. Theyre kind of babies, people look at them, they
figure out how they fill back certain parts of the process to figure out how to make
it work, its not a mass produced thing. And, there are all these problems, like well,
we could do it, we made it. But when we send this mold to Thailand, and you get
people trying to make multiples of them. This is going to rip. This is going to have a
problem here, you cant do this. Because of the building the prototype. Im not sure
if thats what you mean.
TH: Yea, well, in my research, Ive been kind of looking at all sorts of prototypes. So,
anything from the rapid prototypes to people making cardboard models of something
to more like what youre doing.
JB:Well, in the past, I played with Play-Doh. I actually brought in Play-Doh, cut it,
and tried to build sculptures, just so I could see the geometries. That was before we
had CATIA. So, we did not have a 3d CAD tool. So, I was actually using Play-Doh
that I brought in myself from my son. So I could figure out how I wanted it to look.
Thats way off.
TH: Thats kind of interesting. With my case study, Im trying to get a picture of
whats done. I think its interesting that you used the Play-Doh. How exactly were
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you using that? Were you just looking at the model and then...
JB: This sculpture I had, I had features going one way, and other features going the
other way, with holes and it was kind of a weird de-molding kind of thing. But some
were on the bottom, some of the grooves were on the top crossing the other way, and
figuring out how it would work. I had done kind of like skim product. I had rolled it
out flat and cut off a square piece and then build it up. Then built up the next layer,
so I kind of layered it like a rapid prototyping machine would do now-a-days. But in
like, millimeter skins. So, you build up a rubber, of all the Play-Doh. Then I build
the next one the other way. And I just built it up, that way I could see all the holes
how I wanted it.
TH: So, was that just to help you visualize?
JB: And to figure out the rigidity, how I wanted it. Would it work? And to describe
it to other people. A lot of our prototyping is both for our manufacturing and doing
it, but its also, we have all of these things, prototypes. The prints that we do in
plastic and we do in rubber. Where its like, ok, you want to be able to look at it
and describe to marketing: This is what you have. Is that acceptable? And having
that actual piece is really handy to describe to people. And to me, also, I use, you
know CATIA. When you look at something and see it, a tenth of a millimeter can
look huge. You print it out and its like... thats not what I thought. Ive done loads
of them, where Ive done a tire and I look at it and Im like, Boy, that looked bigger
in CATIA. Its nice to actually see it. You get a feel. Especially after youve been a
tire designer long enough, that oh, thatll work thatll work, the ratio is about right.
It looks right. Theres nothing that stands out. Or sometimes in CATIA, you miss it.
Because of the way that theyll show the lines, show the edges, that look big, but arent
really big. Or, you will go look at, being able to touch it, look at it, ask questions,
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is really handy. When youre doing design reviews, being able to look at it, and say
wait a minute, why is this there? So you can actually start to see something looking
at it, that being able to prototype something before you do your one metal part thats
really handy. Well do, also, I did some with lamelles. We actually have some that I
wanted to have the lamelles that could bend this way freely, but when I put them in
shear, that they lock together. So, I built a little prototyping thing with some soft
rubber and a harder one. Just to see how they can open up in a rib, but under shear,
they lock on each other. So, that was actually just a play/visualization toy.
TH: Did you print that as well?
JB: This is a 3D print on a very soft, and then also a hard compound. And this is a
very enlarged one. We did the same thing with the actual size, and started looking
at it and said boy, that is small. It gave a little more perspective into it. You see that
little teardrop in there. You see all these nice things. And then you look at the real
one, and see all the tiny little blocks, but yea.. thats about a rib. So, You say, is that
enough to really do anything?
TH: So, thats getting into, being able to visualize a function maybe. Youre probably
not doing as much testing with it, but just...
JB: I would love to be able to print something in a type of rubber, put it in a
fixture, shear it, and measure some sort of force. And, I think, honestly, we can
do it. We dont have the correct rubber. But, relative differences, I think would be
fine. I think you could actually print multiple sculptures, measure them, and rank
them in comparison. And whether theyre large or small differences, compared to two
book-ends. That would be highly useful.
TH: But, thats not something youve done yet?
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JB: Ive heard talk about it. I know we do have some samples where theyll take a piece
of the metal, that they make the tire out of, you know what I mean, the elements.
Have you seen those? When we make a tire, you put a bunch of these together, you
actually pour rubber on that, 100 by 100 centimeters, and then you measure that.
So, I know they have done small pieces of tire with rubber that they cure in a small
curing thing. And they put on a force. They apply a Z-force, a normal load and then
shear it and then measure the force, on small pieces. So, Damon does a bunch of that
as well, Damon Christenbury.
TH: So, that there, how were the metal pieces made?
JB: These are made with our normal process. So, they could, you could almost do it
with any process. You could print those, which would be nice.
TH: So, those are just normal mold pieces.
JB: These are like you would make a normal mold. You make one of these pieces.
You have a matrice, which is a tire that... You have something like this, its a positive
piece and you make it out of steel. And you inject aluminum against that, and you
get... I think Ive got one. So we have this, and we inject all the aluminum. You
take it out, and you cut what we call the tooth-fit. And you create this. And then
those pieces, go back together, around the tire to create the mold. Thats one of our
processes. We have another process. We have the positive, and its in a resin. And
then you put in lamelles into it. And then you put a rubber casting over it. In the
rubber, you put in the lamelles, and you take and you create a plaster on that side.
And then you put the lamelles in here, into the plaster. Then you inject aluminum
against the plaster and then you break the plaster. The benefit of the plaster is, these
can be not de-moldable. They can have weird shapes that cant pull out. When youre
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just doing the straight through process, they have to be able to pull out of the steel.
So, if you need de-moldable features, or negative draft angles or something that cant
de-mold off of steel. Then you have to use the multi-step process with the plaster.
These are some that are made from that process. This was made from the 3D printer.
You can actually see the rings on it. And so was this. This was the old 3D printer
that used wax. So, that was 3D printed. That was one of the old ones before we
had the nicer 3D printer. Weve also made elements, where we took and we cast, we
put rubber in this. Its real handy for the folks that do stuff like this, because that
way you can print new, worn, different layers, different states, and see what it looks
like. So, that type of rapid prototyping is handy. There are some limitations, like in
the shoulder, they way its printing, that does not look good. You cant see certain
features unless you print that direction. So, the printing direction matters. But, its
really handy in that it lets you look at it. But, as for printing and testing. Id love to
get there. I hope we get there. I dont know many people that have done it. Theres
no reason we shouldnt be able to do it. Actually, we havent procured the technology
right now, equipment to do it.
TH: So, do you have an example of a project where youve prototyped something that
the process of making the prototype didnt help you? Or, might have misled you in
some way. I know a lot of people say that any prototype is a learning experience and
helpful.
JB: Like I said, we did seven molds in the first loop and I think four of five in the
second loop. And those first molds... the Primacy, the project Im currently working
on... I basically had seven or ten prototypes in the first loop. Not counting material
changes and six in the second loop. And yes, of them, some were able to prove whether
it was better or worse. Now these here, weve done for aesthetic purposes and they
205
said, also, it will help snow. I still dont get to test snow. I think its going to hurt
in wear, and it did. Theres been other ones, we changed and made it symmetrical
because we think itll help noise. It didnt help noise. We had to change the other
side, if need be, if it does help, we can carve this groove and see if it changes the
hydroplaning. So, sometimes well build one knowing were going to tune it later by
carving out the rubber of the tire. Thats another way, I guess youd call it a prototype.
We used to make slick tires sometimes and carve them. But, a lot of times well carve
or modify a tire by carving to do a prototype and test those.
TH: Do you use those often for your prototypes?
JB: I was in a meeting from 11 to 1 today where thats exactly what were doing.
We had a tire that was successful for wear, and someone after the final stage made
some changes before market for manufacturing reasons. Looking at changes to the
tire design... you shouldnt have done that and now theyre having center-wear issues.
Yes. And they should have center wear issues, because when they changed it, they
didnt think about that. So, now were doing carving studies to see how to change
the rigidity to change the wear profile. And, the product designer for that had a
meeting today, we all sat down to decide what carving studies could be done or what
options could be done that we can test quickly to validate are they sufficient, do they
give enough stress changes and all that in the contact patch that it would generate a
different wear profile. So, were using that carving to measure, I dont know if you know
what our ELAC is, we press a tire down and for each rib, we measure the stresses,
X,Y, Z and all that. Were trying to validate that the X stresses in the center are
decreased, decrease the rigidity in the center to try to modify the wear profile. You
cant bridge, but you can take out bridges. So, you can remove rubber, but you cant
add it, with the carving process. So, youre kind of limited in that part, but usually
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you can manage to at least figure out something. And if you know youre going to use
that process, a lot of times well design a tire and well add more bridging and then
well go to carve them out. Because most of my testing requires maybe 20 tires. 15 to
20 tires for any one letter. Which is one type of tire. Ok, a certain rubber, sculpture,
and I can do my battery of test. I dont need that many, so you could actually carve
those to do extra studies. Now, weve also done some market prototypes where our
noise model says you shift these ribs this way, or re-phase them and you get this much
better in noise. Ok. Well, we spent the money and actually built a prototype mold
just to validate that. It didnt have any effect whatsoever on noise. We sent it to
Japan where theyve got all these chambers and measured it. It did change what were
theoretically predicting in our noise model, but not when you actually look in the
vehicle and what people hear. So it was to validate our model, correlate our model;
why is it not working? And that kind of thing.
TH: So, one thing Ive read about, some would consider that a virtual prototype. An
analytical model. Do you do a lot of physical testing to validate those models?
JB: There are people that do it. I wish there was more analytical modeling than is
normally done. Theres quite a bit done for materials and architecture because thats
cheap and easy to change. You start talking sculpture and thats a new mold. Thats
not cheap. So, we do have some carved tire studies that we can get something done
with. But as far as molded tire studies? Its rare that we do something for just a
simple study because of how expensive it will get. Molds, theres a certain capacity
where we can only get so many anyways. It takes a lot of people to get the molds and
all of that. So, there are expenses. And, so, in the Belise, our group, we probably do
more than anybody else. My last project, that had 10 molds in a year, thats absurd.
Thats huge. Most use two or three in a project. So, you have two or three different
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sculptures, you dont normally look like small tunings. I also had one where I just
modified the edge of a certain groove because we know it affects snow and noise and
dry. And we wanted to quantify it, so it was purely theoretical... its to understand
that tuning lever. That one, just separate that one tuning lever. Its really handy,
its really important. But no, we dont do it enough because of the cost and you have
to justify it. And people, they get a feel for it. They dont know exactly how much,
and we know we dont need to spend it on the prototype. That is our job in PE4-TS,
to quantify the tuning levers. And the only way to quantify it is to do a nice DOE.
Where you only go one parameter at a time, or combinations that can be separated.
So, yes. My projects always have some type of DOE where you can separate tuning
knobs. Some of them are able to correlate to theoretical models. If for some reason we
dont trust a model or we arent sure about it. There is others where well do studies to
try to create models. And weve done that as well for snow. Weve done angle studies
of our, the lateral groove. Weve done width studies of both lateral and longitudinal
grooves, and when we do it, we do carved tire studies. So, you set up the DOE, you
make a tire with full rubber, no grooves in it, and you carve it out. The carvings
are never aesthetically pleasing. Theyre just what we call pain au chocolat, which is
chocolate blocks. They look like a Hersheys bar. Angles here, narrow here. Theyre
easy to carve.
TH: Ok. So, is this type of project where you use the carved tires most often is when
youre looking for something very specific...
JB: One performance, where youre trying to understand your sculpture parameters.
CSR. Your contact surface ratio. Whats the effect of that parameter. Groove angle,
groove width, tread depth. Whats the effect of tread depth. So, you carve one 4 mm
down, another 8 mm down, another 10 mm down. And then you can measure and
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see the effect of tread depth on it. Block length. You can change the block length
and try to see it. And theres certain tests that work better with carved tires. Molded
tires are always better. But sometimes when you carve a tire, youre relieving some
of the stresses that are in the tire vs molding them. There are certain performances
that you cant trust with a carved tire. Hydro, no problem. Its all void, dont worry
about block stresses and all that. Wear? You really cant carve with it. PRAT or
pull... not really, you cant because draft angle, decoup and all that matters.
TH: Ok. I had a question and I just forgot it. So, more in general with the prototyping
process, how do you make decisions on what to prototype and how to prototype? Is
that the engineers decision or...?
JB: It is my decision or my job to present a risk analysis that for instance, that
sculpture that I did with the shift in it. I have to say, tell to my boss, that we have
usually, we have two loops. And the beginning of any project, we have two months or
so where I do a feasibility study. I present all the options based on the performance we
want and determine the risks. I present to him and say we have the risk that for this
instance, if we go beyond our manufacturing limits today, but stay within our previous
manufacturing limits... because we keep constraining them. Because, it makes it more
robust, a more robust process. Ok, If i go to the old ones, I could theoretically improve
my noise by over 2dB, which is significant; 3dB is half. So, theoretically it says I could
do that. But, I have to exceed my manufacturing tolerances of today and stay within
the previous ones. I met with him, and he met with the owner of the project, which
was Forrest Patterson. He said OK, it was worthwhile justifying whether or not the
new constraints that we apply to make molds more manufacturable have penalized
us so that in performance, we need to exceed them and re-investigate that. So, there
was a risk. I cant go to this level because you blocked me by something. I want to
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go beyond it in this one case because, based on results of that, we can come back
and look at Do we change those rules? So, every mold I have has to address certain
risks. And, I have to, even before I build it, say If this is the result, this is what well
do, and if this is the result, this is what well do. So, you dont come to the end and
think, well do we do it or not? You have say upfront, predict what the result will
be. If the prediction is correct, this is what the decision will be. If there is no... if
the prediction is wrong and we saw no difference, this is what the decision will be.
So, even before you start the prototyping, you already know. Otherwise, at the end,
maybe things can change. Does that make sense? Everything you do has a risk, youre
either addressing a performance, or manufacturing, or industrial, or something when
you create that prototype. Some of them are very loose. Like this one, an aesthetic
one. An aesthetic guy wanted an aesthetic mold. Thats not enough risk. So he said,
if I do this aesthetic, Ill improve lateral snow. Lateral snow is very important in OE.
So, it was worth the risk to see if that, and he gave other reasons why, to justify
lateral snow, to see if it works. And another one, we added features that we know we
did not want. So, we said well give one where weve tuned beyond where were allowed
to tune, but use your normal tuning knobs to get to the same level that we can get
with this other type of process. So, we can say with this process we can get down to
here, but you dont like something in there. Because it hurts your timing, and it hurts
some other performances. Well let you use your normal tuning to go what we would
normally accept because of wear or other issues and compare the two. So, there was
another mold that was done outside of our range to try to isolate performance in
hydroplaning and see the trade-offs in other performances. Does that make sense?
TH: Yea. So, are there any examples where the result of the prototype, or a test was
so unexpected that, that wasnt even thought of?
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JB: Good and bad, yes. Bad, like one right now where theres no difference. Ok,
so, we want this new technology, and my boss, and my bosss boss wants this new
technology. And they say, Oh, see this ones worse. Well, its in the noise of the test.
Sorry, its not really any worse. There are bad ones that doesnt show the difference
you want. And there are also ones where weve done it and weve gotten performances
that we 1) we thought the performance would degrade, just a rough assumption, with
snow, we thought about the edge biting in. They took the edge and got rid of the
biting part, which helps for dry, and its significantly better for snow. Im like, that
doesnt make sense. Ok, its a bad test. We did it again, got the same result, its an
improvement. And its a significant improvement and we have no idea why. Ok, we
have no idea why. We can come up with rules, but theoretically, physically, we dont
know. You can always make up an idea why. And then we did another one. And
we varied the width of the lateral grooves that we put the feature on. When it was
too narrow it was bad. When it was too wide, it was bad. But at a certain width,
it was really good! And its like, ok, instead of just the normal, degrade, it actually
mattered and there was a curve where 10-15% better around 3 mm, but when you
get over, it actually became almost a penalty. Ok, and we dont understand why, but
if we hadnt been able to do the prototypes and being able to create the empirical
graph of that curve that were now using as recommendations for how to design tires
with this feature. Now, its PE-3s job to hopefully figure out the mechanics and why,
to exploit it and make it better. But its sweet that we know it. And the only way we
know it is because we did a bunch of prototypes. And obviously those are one-offs
because we did stuff outside of the range that we normally do. I am going to show
you one of the ones for snow. Itll show you how some of the carved studies have gone
beyond what we normally do.
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TH: On a side note, how often do you use analytical tools or modeling or anything
like that.
JB: Anytime we do a tire design. When we do a feasibility study, we look at all the
concept work thats been done, and try to figure out what can be done. We have to
model, our tire with every reasonable analytical and theoretical tool that we have.
Deli has to be run. Now, there are some 3D FEA stuff that I have run in certain
cases. Ive had other people run but its heavily time consuming. It takes a week/week
and half of somebody that really knows what theyre doing to run one sculpture. Ok,
we dont do that extensively, but if youre doing something thats really odd, we do
dedicate the time, and you have to justify all that. And when you do it, it looks
really good and upper management wants us to start pushing that way. But, the
common, normal tools that I use, predictive tools, are used every time I prepare a
feasibility. Now, the CSR, the snow modeling, the noise modeling, our PRAT, our
squiggle; its done absolutely every single mold, because when the Moulist creates the
sculpture, theyre required to run all those. So, certain theoretical models are done
every time. Now, when I say theoretical, theyre more empirical. A lot of our models
are heavily, heavily, empirical based. Not to belittle our modeling, but yea. We have
a lot of empirical, like that curve, where we dont understand why. And we have some
pseudo-theoretical, where they put a theory in and then they fudge it.
We did a tire study with what we call CSR. Here they increased, or changed the
longitudinal groove. These are our chocolate tires, theyre very simple. We wanted to
see, OK, if you increase or decrease the longitudinal grooves, whats the effect? Our
models say that that should be better than this, and theoretically, I would that when
you go to the extreme, its so wide that theres nothing there, it would be better. We
did the prototypes, theyre all identical. Even though it changes the ratio, it does not
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affect the snow effect. It will not be properly modeled in our model, snow model. So,
theres one performance that we already know our model does not predict accurately.
If you call that a prototype, I dont know if you call that a prototype. Its a one-off tire.
Carved from a slick tire that showed an unexpected result. Even now, I cant explain
it. Id say ok, thats more rigid, thats more supple, thats why. But, in the purely
longitudinal direction, that one would be better. It may have to do with the width of
that groove, it made it wider. I dont know, but theres a clear test result that shows no
significant difference. I dont know. We know our model is wrong. And, we now use
that, and say, if you change your longitudinal grooves, which we normally dont do a
lot of times in our models, we set that in a tire line, youll get an unfair change in your
snow predictions. So, we just know it. We dont understand it; its not in our models.
The lateral work, the really thing groove, the wider groove, even wider lateral grooves.
Ok, theres a nice function here. Now, our current model does this: if its a lamelle, its
less, if its a lateral groove, its more. We dont have a nice linear in our model, we have
a two step. Which is important to know. If somebody is widening lateral grooves, we
say ok, our model wont show you any benefit, but there is a benefit. Its that kind
of thing thats important to understand through prototyping, to validate our model.
This one is where they changed the angle. Our model would say that each one of
these is identical for snow. And when I say identical, I mean in x-direction only.
Its spinning on a trailer, x-direction only. Because the biting edge hasnt changed.
When you look at the projection, the projection in the x-direction hasnt changed.
You can talk about coupling with the y-direction and all that, but in the x-direction,
if you make one little cut, every one in that one little cut is identical, because they
appear identical in the x-direction. So, technically, our theoretical shouldnt change.
Clearly, it improved. Ok, so this is our current model, created by GM. Which nothing
would change on those models. You change the pitches, it works great, because youre
213
adding. But you change anything, you get no effect. Because of that, weve actually
gone through and looked for new models that account for block length, account for
lateral groove void. We drove other parameters and tried to create a model that
include it.
TH: So, when you start a new tire project, you start out with the analytical tools and
make the best predictions you can using those, and based on those tools and what
you know, you decide what to prototype then?
JB: We take our current tire, we always have a reference, and hopefully only one.
Sometimes we get more than one reference, and I dont like more than one references;
one stake in the sand, not three. And, you model that one reference as best you can.
You know its rib widths, you know its angles, you know its K, you know its tread
rubber, you know its architecture, you know its footprint. You find out everything
you can about that tire. And then, you have all these little tuning knobs, and you
try to find out from the concept group what theyve been playing with, you try to add
technos. And you try to find out the effect of those technos to the performance, and
you add it to the reference. And you create what you want. What technos you want
added, what footprint shape you want, what lateral void you want, what longitudinal
void and you give that to the aesthetic team and say design whatever you want, in
this box. And they design it. And the box is pretty narrow. I want this angle, and this
number of lamelles. And they come back its a five rib boring tire and Im like I know,
but make it look different! haha. Ok Joe. So, we specify based on those technos and
those parameters what we want because understanding those knobs, we know where
we think it will get us. And one of the knobs you have is materials. They may have a
new materials that can also lead to 15% improvement in wet, but it loses 5% in rolling
resistance. Oh, ok, I can change my tread and get my 5% back in rolling resistance
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without losing wet. So, you can start figuring out how to trade off and my job is to
get something that is not a straight trade-off. Where I get something that gives up
5% in wet, and something that gives me 10% in rolling resistance. I combine those
two and I get 10% in wet and 5% in rolling resistance. So, the combination is better
than 0-0. So, its how you take that line and move it farther out. So, thats what our
job is; basically to figure out the new technologies that are coming down. How do you
add them to a new sculpture, to get something that the market project couldnt do
just by normal tuning. Because if they can do it with just the normal tuning knobs,
they need to know the tuning knobs that are standard tuning. We take whats done
by concept and other groups and create those knobs, make sure theyre tuned, I would
say. They give knob, but dont know how much it affects each performance. We know
now, when we turn that knob, how much it affects other performances. We figure out
what knobs you can put together and better assemble, that gives you more than you
currently have the ability to tune for. So, we do prototyping by one-off, to validate it
in a certain dimension, and possibly in multiple dimensions if we think theres a high
risk for a dimensional effect. We did that with mine. I did a 205, and the Latitude
Tour did a 255 just because the width of the tire could have an effect on one of the
technos. So, were validating the rules for the dimensions.
TH: Alright. You were talking about how a change in one parameter affects everything
else, essentially. Are there any other issues like that, with tires, compared to other
products...
JB: I think theres more interactions with tires than probably most other products.
Only because with most other products, its a rigid structure, its non-viscoelastic. The
strength of the strap on your computer bag, I guess it has to do with the size of your
bag or the weight or something like that, but theyre not interacting. Its a separate
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piece. Its not all one mix. Where, a tire, you have a sculpture that will determine
your rigidity, its made out of a certain rubber that has a certain rigidity itself. If you
have a soft rubber, you better not have a soft sculpture. If you have a rigid sculpture
and a rigid block, youre not going to conform to the surface at all. You need to
have either, you need to have a bend. How soft your sculpture is has to match with
how soft your rubber is, which is tread depth and everything. And it also has to
match with how soft your carcass is; your belts and your belt angle because that will
change your footprint. So, all the rigidities work right together. Your hysteresis, your
rolling, depending on where you put certain stuff will change your strains and stresses
at different locations in the tire. So, you can change something in the summit, and
also all our failure modes fail at the weakest link. Its not like youre not using part
of the tire. So, when youre doing high-speed limit, the trucks always blew out at the
large block on the shoulder. Its just because it had deep tread depth. That was their
failure mode. The prime tires; the center rib broke out because thats their failure
mode based on the belt angle. On MXM4, they blow out on the side-wall because
thats their weak link, because they had smaller tread depths and with their belt
angles they had a rounder footprint. So, depending on how they all play, depends on
where your vibration modes, where everything starts to get focused. Me, personally,
I think the tire has huge interactions between all the parts.
TH: So, how does that affect how you approach prototyping?
JB: <Were pretty bad about it?, whispered> I hope that didnt get recorded. Because,
a lot of ours are, look at the sculpture, look at the KM. This gets you 15%, this gets
5%, oh good, or minus 5. You get 10%. Most of our predictions, most of our models,
are separate and then we combine them. And thats I guess, where I keep my job.
Because, it relies on an expert, someone saying, ah, no, thats not a good mix; yes, you
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can do that; no, thats too much interaction. Or Deli, where were trying to account
for certain sculpture stuff, certain architecture to get a footprint, and say, yeah thats
good, but its really not good for this performance. For absolutely every one of the
performances I know, I can give you my general rule of thumb and I can give you an
example where its opposite. Because, like for cornering stiffness, typically, if you lower
the belt angle, you improve the cornering stiffness. You make the tire more rigid in
this direction. Most footprints are longer than they are wide or about circumferential.
You go to a Viper tire and its the opposite. Its a short, wide tire and you have the
deflection, the tire footprint, the way it bends, kind of a trapezoidal way, is what
gives it the rigidity. Well, theres the EI and the GA. You know, the EI for a beam
moment, and then theres the GA for the opposite way. Well, theres both of those
in the cornering of a footprint. And in a normal tire, with a normal footprint, the
EI dominates. If you get something like a Viper tire, thats short and wide, the GA
dominates. But thats not in any of our models. You have to, you get to the point
where you change the belt angle and nothing happens. Well, its based on what the
footprint shape is and whats the dominant parameter. And we dont have models
that account for that. There are people that get used to working on a certain type
of tire. OE, theyre dealing always with Honda and the Accord and all that and they
know what works in our sculptures and their stuff for Honda, because of experience.
But, they say ok for a Honda, you change the belts, that gives you better on center
feel. You know for BMW, Jim Knowles, he knows how to design for BMW, because
he knows what they like. Honda likes a huge K1. Huge center feel, but when you
go to larger cornering, it drops off, you lose it. BMW is the opposite, they dont
want much because they get that from their suspension and everything. But they
want it to keep giving. They want a rigid sidewall because thats how they tune their
vehicle. So, theres even interaction from the vehicle and the suspension and all that.
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Unfortunately, a lot of that is experience, where we dont have the models. Or you
start building prototypes.
TH: So, the prototypes help you address those complexities and the gaps in the
models.
JB: Mmhm.
TH: So, the K1, thats the stiffness of the...
JB: The near ground stiffness. The tread rubber and the sculpture. Small slip angles
and small steering angles. Its what the rigidity would be for that. The cornering
stiffness. Under large slip angles, youre starting to affect the belt package, affect the
sidewall. And that, we call K2. Far from ground. Where if you look at the tire as a
series of springs, you have K1 which is the one close to ground and K2 which is the
one far from ground and then the suspension. So, its a series of two springs and one
is near ground and one is far from ground. And then theres a damper. So its two
springs sitting with a damper.
TH: Haha, yea. I think thats all the questions that I had planned.
JB: Hopefully, that was helpful.
TH: Yeah, it definitely was.
JB: Its interesting, when you said prototype, everything I do is prototype. Because
every single one of my tires is different.
TH: Yeah, in the research Ive been doing, anything, any model, any model of a design
or a component of a design, or anything can be considered a prototype.
JB: To me, in Belise, its my job to say, OK, tomorrows tires that I cant design now,
how do I design. That actually annoyed me for Scott, because I knew all the rules
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for making lamelles, and what the bend radii were, because if you bent more than
one and half times the thickness, it would crack and you couldnt do it. So, I knew
all the limits. Then he went and designed one that far exceeded the limits. Wait a
minute! You cant do that! Oh yea, you have to do a multi-cast process. So, thats
the prototyping thing, and thats also my opinion on prototyping is figuring out what
the current technology out there can do that you couldnt do yesterday. A lot of it is
breaking the compromises, and the only way to break it is to figure out what you can
do now that you couldnt do yesterday. Honestly, I think most of the old people are
as smart as I am, and if they could have done it, they would have done it. The stuff
I can do now, I would have done twenty years ago, I just couldnt. So, its figuring out
what does the current technology allow me to do today that I wanted to do yesterday
but couldnt. Or if I can understand a theory or concept of how something works,
how can I apply it?
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Appendix B Protocol Coding Procedure
To convert the raw video data into a format that can be processed and ana-
lyzed, a coding procedure was developed in conjunction with the action and entity
definitions. The general coding procedure is as follows:
1. Play the video.
2. Watch for the starting of any activity.
3. Record the video time stamp of the beginning of the activity along with the code
for the correct action in the Action Encoding Worksheet, shown in Figure 3.6.
4. For each previously unused entity in the activity, assign a new entity ID and
record the entity type and name from the BOM. Record a description of the
object if there was more than one of that type provided, e.g. a lego brick. An
example Entity Encoding Worksheet is shown in Fig. 3.5.
5. Record the ID numbers of each original entity in the “Entities Before” column
of the action encoding worksheet.
6. Record the ID numbers of any entity that was created or modified in the “En-
tities After” column of the action encoding worksheet.
7. If at any time, the action being performed or the entities involved with the
action being performed changes, a new time stamp is recorded on the next line
of the worksheet.
Along with the general procedure, there are several other encoding rules that
should be followed.
1. A new time stamp is recorded as the activity or entities involved changes.
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2. If sketching or writing is stopped for less than three seconds and the only actions
observed in the mean time are <pause>, holding, or idle actions, do not count
these actions.
3. Each action is encoded on its own line with the associated entities. If multiple
actions occur at the same time, start the second action on a new line with the
same time stamp.
Figure 1 is an excerpt from an entity encoding worksheet. The entity encoding
worksheet shows the entity ID, the code for the entity type, the name from the list of
provided materials, and a text description if needed. The excerpt in Figure 1 includes
a bin, Lego pieces, styrofoam material and a part made from styrofoam.
Entity ID Type Name from BOM Plain text description (for identification/tracking)
1 BN Bin Bin Containing Legos
2 PB Legos 6 hole straight piece
3 PB Legos 6 hole straight piece
4 PB Legos black pin
5 AS Legos Scissor Mechanism
6 MT Styrofoam Styrofoam block
7 PM Styrofoam Styrofoam prototype part
8
9
10
Figure 1: Example entity encoding worksheet.
Figure 2 is an excerpt from an action encoding worksheet that accompanies the
entities recorded in Figure 1. This worksheet shows the timestamp, action code, and
IDs of all entities being used. This worksheet excerpt shows that the participant spent
time looking through a bin and gathered three Lego pieces. The three Lego pieces
were combined to make a new assembly that was given a new entity ID. Lastly, a piece
of styrofoam material was modified to make a styrofoam part through a fabrication
activity.
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Time Stamp Actions Entities Before (ID) Entities After (ID) Notes:
0:00:22 L 1
0:00:25 G 1 2 3 4
0:00:45 A 2 3 4 5
0:47:00 F 6 7
Figure 2: Example action encoding worksheet.
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Appendix C Pattern Searching Procedure
A Matlab script was developed to facilitate the processing and analysis of
the protocol study data, collected through the procedures described in Appendix B.
This script uses the action codes and timestamp data from the activity encoding
worksheet. The script uses Matlab’s regular expressions; consult the Matlab manual
for help in translating the expected patterns into regular expressions. Additional
information about each script and available options is included in the code comments.
The following files will be needed and should be modified as needed.
XX Coding Trimmed.xls Pre-formatted spreadsheet with time and action data
where XX are the participants initials.
PatternFinding V2.m Matlab script to perform search.
PatternDefinitions.m M-file defining expected patterns using regular expressions.
TimeSeriesPlotting.m Matlab script to plot time series action distribution plots.
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